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Scope of the Dictionary: 


Subject Areas: The primary focus of the dictionary is 
the broad range of civilian pyrotechnics, ranging from 
fireworks, special effects and rocketry, through high- 
way flares and matches. Also included are entries from 
other areas of related interest, ranging from high explo- 
sives and commercial blasting, non-pyrotechnic flame 
effects, and fire science. A relatively few military py- 
rotechnic terms are also included. Another major sub- 
ject area is scientific terms, such as are used in reports 
of pyrotechnic research, and in many of the more tech- 
nical entries in this encyclopedic dictionary. 
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Depth of Coverage: Entries from the primary focus ar- 
eas (e.g., civilian pyrotechnics) are discussed in sub- 
stantial detail, often extending to multiple pages in this 
encyclopedic dictionary. Whereas, entries from related 
fields typically are relatively short. 


Correctness of Information: 


More than ten person-years of effort have been devoted 
to compiling and verifying the information contained 
in this dictionary. That information comes from two 
main sources. One is the extensive and diverse know- 
ledge base of the many authors and editors of the dic- 
tionary (who collectively have several centuries of ex- 
perience researching, teaching and using pyrotechnics). 
The other source of information is the extensive pyro- 
technic literature, much of which is listed at the end of 
this text in an extensive reference list. 


One difficulty, relating to the use of some of the infor- 
mation contained herein, is that there is no universal 
agreement on the naming of various pyrotechnic items 
and effects, especially over time. In such cases, the 
terms are defined using one name as the primary entry, 
which is then cross referenced to other common name 
or names. 


A more intractable problem with naming is that groups 
of individuals working in specific fields have some- 
times developed their own terminology. In some cases, 
this may be in conflict with the formal technical defini- 
tions. When the groups using the terms in various ways 
are rather large, the diversity in usage is addressed in 
the dictionary using cross references and occasionally 
providing explanations in the text. However, it was not 
thought appropriate to address specific terminology 
differences if used only by small groups. 
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The chemical data in the scientific literature is often in 
at least minor disagreement from source to source. In 
recognition of this, and since the authors have not been 
willing to select one source over another, the data re- 
ported in this text has usually been rounded to some 
extent. For example, most melting and boiling point 
temperatures have been rounded to the nearest 10 de- 
grees (or 2 significant figures, which ever is more pre- 
cise). If greater precision is needed for chemical data, 
readers must consult the wider scientific literature for 
themselves. 


The health hazard data in the literature are constantly 
being updated, often changing substantially with time. 
Even the reported hazard ratings vary significantly de- 
pending on the source. While a reasonable effort has 
been made to include credible health and hazard data in 
this text, this information cannot be relied upon to be 
fully current and correct. Any reader needing such in- 
formation must consult the specific health and hazard 
literature current at the time and in the relevant juris- 
diction. 


As a practical matter, the device construction and other 
device-related information contained in this text only 
address the more commonly found construction and 
more typically preforming devices. Relatively little at- 
tention has been directed to addressing unusually con- 
structed and preforming devices. 


Any reader identifying errors, inaccuracies or other 
shortcomings in the text is strongly encouraged to notify 
the one of the principal authors. 


Our intent is to have each photograph, illustration or 
table placed directly below the paragraph where it is 
first mentioned. The text usually states ‘below’, but it 
may actually appear at the start of the next column or 
on the next page. Because of layout constrictions, a 
photograph, table or illustration sometimes will not fit 
directly below the text where it is mentioned. In these 
cases, we used the text ‘farther below’ to indicate that 
the information appears farther away from the text 
where it was originally mentioned. 


Numerical Precision: 


When values are converted between English units and 
metric units for completeness, the conversions are only 
approximate, to maintain consistency with the preci- 
sion of the original values. 


In listing the amount of the various ingredients in pyro- 
technic compositions, values are given to only the 
nearest one percent, or at most, to two significant fig- 
ures. 
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Data in chemical entries use the following precision 
(when available): 


a) The number of decimal places. 


b) 2 significant figures or the nearest 10 degrees, which- 
ever is more precise. 


Chemical Names and Data: 


Some chemicals are (or have been) described in the lit- 
erature with many different names. In this text, in the 
principal entry for the chemical, the name, as well as 
the formula, molecular weight and water of hydration, 
is that given in the 88" edition (2007) of the CRC 
Handbook of Chemistry and Physics. When available, 
the melting point, boiling point and enthalpy (heat) of 
formation are from the Institute for Chemical Technol- 
ogy (ICT) Thermodynamic Database (2008). In addi- 
tion, product Material Safety Data sheets (principally 
from J. T. Baker), and a number of other reference 
sources may have been consulted for the chemical in- 
formation reported in this text. In the data tables in the 
chemical entries, there is a column identifying the 
source of the data. A listing of these information 
sources 1s presented below. 
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Code | Details of reference 


In the principal entry for a chemical, for clarity, the 
chemical formula is presented in square brackets after 
the name of the chemical. This is followed by the 
chemical’s CAS registry number in brackets. Then 
some other names for the chemical are included as 
synonyms, with the most common of those names 
cross referenced to the principal entry. For example, 
the entry for antimony sulfide begins: 


ANTIMONY(III) SULFIDE — [Sb2S3] — {CAS 1345-04- 
6} — (Also antimony trisulfide, diantimony trisulfide, 
antimony sulfide, antimony sesquisulfide, antimony 
black, black antimony sulfide, antimony needles or 
Chinese needles; the minerals stibnite and occasion- 
ally metastibnite). 


For some chemicals, especially organic chemicals, the 
principal entry also includes a structural formula. The 
density values reported for the chemicals are those for 
grain density as opposed to bulk densities. 


Under the UN hazard class sub-heading, there are two 
abbreviations: PSN, meaning the Proper Shipping Name 
for the chemical; and HC, meaning the UN Hazard 
Classification for the chemical. 


As an aid to non-chemist readers, many of the longer 
chemical names used in the dictionary have been artifi- 
cially hyphenated for clarity as an aid in pronunciation. 
For example, lead mononitroresorcinate is often used 
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in the manufacture of electric matches, and the high 
explosive triaminotrinitrobenzene is used in the manu- 
facture of insensitive munitions. In this dictionary, 
most often these chemical names will be artificially 
hyphenated as lead mononitro-resorcinate and_tri- 
amino-trinitro-benzene. If a reader wishes to search 
online for more information about these chemicals, it is 
appropriate to drop the hyphens. 


Formulation Tables: 


Most of the formulations (i.e., recipes) for pyrotechnic 
compositions are included in the entries for the various 
devices or components that use those compositions. 
For example, 25 star formulations are presented in the 
entry star (fireworks) and 18 fountain and gerb formu- 
lations are presented in the entry fountain and gerb 
composition. 


To avoid duplication of the same formulations, in the 
entries for chemicals, readers seeking formulations ex- 
emplifying the use of those chemicals are directed to 
the entries that present typical formulations through the 
use of italicized words. For example, the entry for po- 
tassium perchlorate directs readers to the entries for fu- 
see, flare, star, lance and flash, where collectively 
more than 100 different formulations can be found. An 
exception to this is for formulations that have only lim- 
ited or historical applications. In those cases, the for- 
mulations are presented in the chemical entries them- 
selves. For example, the entry for potassium chlorate 
presents 11 formulations, mostly of historical interest. 


In tables presenting formulations, the chemical names 
used are those found as the principal chemical entries 
in this text. This was done in an attempt to avoid the 
confusion that results when the same chemical is (or 
has been) known by several different names. For ex- 
ample, various authors have described antimony(II) 
sulfide variously as antimony sulfide, antimony trisul- 
fide, antimony black, black antimony sulfide, Chinese 
needles and stibnite. The use of the same chemical 
names in formulation tables as the principal entries in 
this text, helps direct readers to the location of more 
information on each chemical. 


References: 


An extensive list of references is included at the end of 
this text; only rarely are references cited for the general 
information presented in this text. The principal excep- 
tion is for content such as pyrotechnic formulations 
and photographs, from copyrighted sources. 


When references are given in the text, they are in the 
form of a name and year (e.g., Brock, 1949). To find 
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the full literature reference, the reader must consult the 
list of references at the end of this text. 


The principal entries for names or terms that the au- 
thors consider to be trademarks (whether registered or 
not) or that are closely associated with a company, 
publication or product are generally indicated using a 
superscripted ™. When those terms are used in the 
body of the text for the principal entry or another entry, 
generally there will be no such designation. 


Principal Definitions, their Subdivision and 
Format: 


Principal definitions are identified using non-indented 
small capital letters in bold type face; for example, 
SHELL OF SHELLS. When there are commonly used 
synonyms for the principal term being defined, those 
are indicated in parentheses following the term; for ex- 
ample, ELECTRIC MATCH — (Also firework igniter, e- 
match or electric fusehead). Commonly-used abbrevia- 
tions are also included in parentheses after the princi- 
pal term being defined; for example, CASTABLE DOU- 
BLE-BASED PROPELLANT — (Abbreviated CDB pro- 
pellant). 


Sometimes the term being defined has a specialized 
definition within an area of pyrotechnics. That defini- 
tion can be significantly different from the general us- 
age of the term or the usage in another area of pyro- 
technics. In such cases, the application area is indicated 
using a word(s) in parentheses following the principal 
term being defined; for example there are entries for 
both AIR LAUNCH (fireworks) and AIR LAUNCH 
(rocketry). Another situation when a clarifying term is 
needed is when a term is used in different ways even in 
the same subject area. An example of this is the word 
‘fuse’ in fireworks, which can be used as either a noun 
or verb. In these cases, the clarifying word is often in- 
cluded in parentheses after the principal term being de- 
fined; for example, FUSE (verb). 


When principal definitions are fairly long, they are of- 
ten divided into one or more topic areas. Those topics 
are indicated using text that is underlined; for example, 
In explosives:, In fireworks:, In rocketry:, Formulations: 
and Historical:. 


When there is a collection of related definitions, they 
have often been grouped together and presented as sub- 
definitions. When this occurs, they are indicated using 
normal indented text in bold type face. For example, 
under the principal definition of NAMES AND DE- 
SCRIPTIONS FOR AERIAL SHELLS (specific) , there 
are short sub-definitions for announcement bomb 
and announcement salute, artillery shell, atomic 
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pattern shell, battle in the clouds shell (and more 
than 150 others). Sometimes these brief sub-definitions 
serve as little more than pointers for longer principal 
definitions found elsewhere in this dictionary. When 
this is the case, it is indicated using italicized words, as 
in the above example. 


Cross References -— Italic Words: 


Terms used in a primary definition are often defined 
and explained elsewhere in this encyclopedic diction- 
ary. In some entries, terms are used that many readers 
may want added background information. In such cas- 
es, those pointer-terms may be indicated by italicizing 
them when they first occur. For example, the principal 
definition for BLACK BODY includes pointers to 
Kirchhoff’s law and emissivity within the text. Here the 
use of italics, informs the reader that background in- 
formation can be found in this dictionary in entries for 
Kirchhoff’s law and emissivity. Also, there may be in- 
stances where information especially relevant to the 
term being explained, has been included in another en- 
try. In that case, in order to avoid duplicating the in- 
formation, there may be additional pointer terms given 
in parentheses. For example, the entry for AERIAL 
SHELL EXIT TIME includes the suggestion (See aerial 
shell internal ballistics.). 


When such italicized terms appear in the text, but the 
term is not in the same word order as in the principal 
entry in this encyclopedic dictionary, the first word 
used in the referenced principal entry is underlined. For 
example, when discussing match types, ‘friction 
match’ is mentioned; while there is an entry for friction 
match, that entry is only a pointer for the principal en- 
try MATCH, FRICTION. (This reverse ordering was 
used so that the many types of matches and match re- 
lated entries would all appear in the same general area 
of this dictionary.) To save readers from having to look 
to the entry ‘friction match’, only to then be sent to the 
entry ‘match, friction’, the first word of the targeted 
entry will be underlined. Thus, the pointer will have 
‘match’ underlined, appearing as friction match. 


Special use of terminology: 


gun powder and gunpowder — Historically, the 
term ‘gunpowder’ was once used interchangeably for 
black powder, which at the time, was essentially the 
only gun propellant. Then, during the 19" century, a 
large collection of alternative gun propellants was in- 
troduced. Today, especially in the US, ‘gun powder’ 
is the generic term for any propellant used in fire- 
arms, most commonly referring to the smokeless 
powders used in modern cartridges. 
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In this text, in an attempt to avoid confusion, yet ac- 
knowledging the special nature and history of black 
powder, the term is capitalized (i.e., Black Powder). 
To the extent that it is practical, other gun propellants 
are referred by their specific name. When on occa- 
sion, it is necessary to refer generically to other pro- 
pellants used in firearms, they are referred to as ‘gun 
propellants’. 


Style Guide Issues: 


Since it is anticipated that the majority of the readers of 
the dictionary will be from the United States (US), the 
style guide of the American Chemical Society (ACS) 
has been used in writing this dictionary. Also, to some 
extent, guidance of the International Union of Pure and 
Applied Chemistry (IUPAC) and Systeme Internatio- 
nale (SI) usage have also been considered and incorpo- 
rated in this dictionary. 


Overall, an attempt has been made to have spellings 
and usage consistent with those typically used in the 
US. A complication is that typical usage of units of 
measurement in the United States differs between sci- 
entists and non-scientists; the latter persisting in using 
units and terminology that are obsolete everywhere 
else in the world. To accommodate readers with differ- 
ing backgrounds, both systems of units are used, with 
one included parenthetically. 


Photographs and Illustrations: 


The vast majority of the photographs and illustrations 
have been provided by the principal authors, acknowl- 
edged on the title page. In those instances where this is 
not the case, an acknowledgment appears under the 
photographs and illustrations. Even when a photograph 
or illustration is from an historical text and is no longer 
copyrighted, that source is usually acknowledged. A 
very few photographs were provided anonymously, 
with no acknowledgement of the source. 


In almost all cases, when a background grid appears in 
a photograph the small divisions of that grid are 0.1 
inch (2.5 mm) is size. While that information or other 
scale information may occasionally be provided in the 
accompanying text, it is usually omitted to avoid repe- 
tition. In those few instances when the grid is of anoth- 
er size, the scale is always indicated in the text. 


Unit Conversions: 


The conversion factors (to three significant figures) for 
the various units are located in the primary dictionary 
entries for those units. 
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Waiver of Liability: 

The publisher, authors and contributors to this diction- 
ary accept no responsibility for any accident or injury 
alleged or proven to be the result of any information, 
including any erroneous or incomplete information, 
provided in this text. In addition to accepting total re- 
sponsibility for their own actions involving the manu- 
facture, storage and use of pyrotechnics and explo- 
sives, readers accept full responsibility for compliance 
with any licensing or other legal requirements associat- 
ed with any such activities. 


Copyright: 

The material contained within this publication is pro- 
tected by copyright. You are welcome use limited in- 
formation from this publication as long as you include 
a citation to the source. 


If you want to make use of more that a few pages of 
the material, please request permission to do so. 


The contact is; 


Bonnie Kosanke 
1775 Blair Rd 
Whitewater, CO 81527 USA 


Email: bkosanke44@gmail.com 
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1-IN-6 METHOD - See sensitiveness test protocol. 
6-1-1 POWDER — See six-one-one powder. 
A or A- Symbol for angstrom unit. 


A -— The symbol for acceleration, ampere and electron 


affinity. 


AAS or AA SPECTROSCOPY — Abbreviation for atomic 
absorption spectroscopy. 


A-B BLOOD - See stage blood. 


A-B COMPOSITION — See binary pyrotechnic compo- 
sition. 


ABEL’S POWDER — See powder type (picrate powder). 


ABEL TEST - (Also KI heat test or KI starch test) — A 
thermal stability test for explosives that contain nitrated 
compounds. The test is named for Frederick A. Abel 
(1827-1902), a British scientist in propellants and ex- 
plosives. The test is based on the coloration imparted to 
potassium iodide [KI] starch-indicator paper by the evo- 
lution of nitrogen oxides from a heated sample of the 
explosive. Typically, the test is conducted at 65 or 82 °C. 


A-BLASTING POWDER —- See Black Powder grade 
(blasting grades). 


ABLATION — A method for cooling, insulating and pro- 
tecting surfaces covered with an ablative material. It 
relies on chemical and physical changes to the abla- 
tive material to absorb heat and carry it away, as well 
as to insulate the surfaces being protected. 


ABLATIVE MATERIAL — Sacrificial material applied to 
surfaces and structures to protect them from intense 
heat or open flame, such as during the reentry of a 
spacecraft. The ablative material typically absorbs this 
frictional heat by undergoing thermal decomposition, 
melting and vaporization. As the outer layers of the 
ablative material are eroded away, the thermal energy 
deposited in them is also carried away. Ablative mate- 
rials can also serve as insulators for the underlying 
material or structure. 


ABORT — As anoun, the premature termination or failure 
of a process or event. The stoppage can be caused in- 
tentionally or by the failure of some part of the system. 
As a verb, abort is the act of stopping a process or 
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event from proceeding or occurring, usually because 
of a problem that might result in a failure. 


ABOVE GROUND LEVEL - (Abbreviated AGL) — The 
specification of the maximum altitude to which a 
rocket can be flown under an altitude waiver issued 
by an appropriate authority. In the US, the appropriate 
authority is the US Federal Aviation Administration. 
The maximum permitted altitude is specified by the 
height above ground level (AGL). This maximum 
rocket flight altitude is usually specified as a value 
added to the mean sea level (MSL) elevation of the 
launch site, thus providing the altimeter reading that 
aircraft pilots must stay above for safety. For example, 
if the launch site is at 1,500 feet (460 m) above MSL, 
and the altitude wavier is for 3,000 feet (915 m) AGL, 
then pilots flying over the rocket launch site must stay 
above 4,500 feet (1375 m) MSL to be safe. 


ABOVEGROUND MAGAZINE — See magazine, explosive. 


ABRASIVE — A material used to wear away a surface by 
mechanical action. Depending on particle size, an 
abrasive may be used to roughen, smooth or polish 
surfaces. Sandpaper, scouring pads and emery paper 
each derive their usefulness from an abrasive attached 
to their working surface. 


Abrasives are commonly described by their particle 
size or grit (see mesh number). Coarse particles (10 to 
AO grit) are most effective in the rapid removal of sur- 
face material. Medium particles (40 to 80 grit) are often 
used to roughen a surface in preparation for painting or 
gluing. Fine particles (80 to 200 grit) are used in 
smoothing surfaces. Very-fine particles (200 to 600 
grit) and ultra-fine particles (600 to 2000 grit) are 
used in polishing surfaces. 


Some common abrasives include silicon dioxide (i.e., 
sand), aluminum oxide, silicon carbide, boron carbide 
and diamond. 


In pyrotechnics, abrasive material, such as ground 
glass, is sometimes added to priming compositions 
that rely upon friction or impact to increase their sen- 
sitiveness. These friction-sensitizing materials are oc- 
casionally described as frictionators. Another example 
of a frictionator is crystalline antimony(II]) sulfide, 
which may be added to a priming composition as both 
a friction-sensitizing fuel and an abrasive. Iron, steel 
or titanium added to a composition to produce sparks 
may have the unintended effect of acting as frictiona- 
tors, and thereby increasing the sensitiveness of the 
composition to such an extent that it may ignite when 
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being loaded into a case and consolidated with a mallet 
and rammer. 


ABS — Abbreviation for acrylonitrile-butadiene-styrene. 


A-B SMOKE — See smoke generation mechanism 
(chemical smoke). 


ABSOLUTE HUMIDITY — See humidity. 


ABSOLUTE PRESSURE -— A pressure expressed as the 
total force acting per unit area. This contrasts with 
relative pressure (i.e., gauge pressure) indicated on a 
common pressure gauge, which indicates the differ- 
ence between the total pressure within a vessel and the 
ambient atmospheric pressure. Absolute pressure must 
be used in thermodynamic and gas law calculations. 


ABSOLUTE TEMPERATURE — The temperature meas- 
ured from absolute zero, usually given in kelvin (K) 
or degrees Rankine (°R), the two common absolute 
temperature scales. The absolute temperature must be 
used in thermodynamic and gas law calculations. 


absolute temperature scale — A temperature scale 
in which zero corresponds to absolute zero. Both the 
Kelvin and Rankine temperature scales are absolute 
scales. To convert readings from the Celsius tempera- 
ture scale to equivalent values on the absolute Kelvin 
add 273.15 to the Celsius value. To convert readings 
from the Fahrenheit temperature scale to equivalent 
values on the absolute Rankine temperature scale add 
459.7 to the Fahrenheit value. Some comparisons be- 
tween various temperature scales are presented below. 


77.0 


298.15 | 


1 42738 =| 7232 


1 L 


ABSOLUTE ZERO (temperature) — The lowest possible 
temperature, which equals —459.7 °F (Fahrenheit), 
—273.15 °C (Celsius) and 0 on both the Kelvin and 
Rankine temperature scales. 


ABSORBENT — Any liquid or solid material that takes 
up another liquid or gas either by penetration into its 
pores, crevices or capillary spaces, or by dissolving it. 
The process may or may not involve a chemical reac- 
tion. 
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ABSORBER — Any material or object that reduces the 
intensity of radiant energy falling on it. 


ABSORPTION (physical and chemical) — The process 
whereby a material (the absorbent) takes up and holds 
a gas or liquid within its bulk volume. A familiar ex- 
ample is a towel soaking up water. Absorption can be 
classified as physical or chemical. (Contrast with ad- 
sorption.) 


Physical absorption: With physical absorption, there 
is no chemical reaction, and the process of absorption is 
reversible. Two examples of physical absorption are: 
silica gel absorbing water by physically incorporating 
the water within its gel structure and a cloth soaking up 
a spilled liquid. 


Chemical absorption: With chemical absorption, chem- 
ical bonds are formed between atoms and molecules 
inside the absorbent. This is often accompanied by the 
release of heat. For example, anhydrous calcium chlo- 
ride [CaClz] can be used as the desiccant to remove 
water vapor from the air in a laboratory desiccator: 


CaCl, + 6 H.O > CaCl,-6H2O + heat 


Sometimes a reaction is not readily reversible, such as 
when hot copper turnings are used to remove traces of 
oxygen from gas streams: 


2Cu + O22 > 2 CuO 


ABSORPTION-EMISSION PYROMETER -— See pyrome- 
ter. 


ABSORPTION, ENERGY — The process whereby a ma- 
terial or an object (i.e., the absorber) takes up energy 
from the radiant energy falling upon it. 


thermal absorption — When radiant energy falls on 
some material or object, the portion of radiant energy 
that is not reflected is typically transformed into thermal 
energy (1.e., heat). This process is described as thermal 
absorption. 


optical absorption — When the incident radiant en- 
ergy is in the infrared, visible or ultraviolet regions of 
the electromagnetic spectrum, the process of thermal 
absorption may be described as optical absorption. 


ABSORPTION SPECTROSCOPY — The study of the ab- 
sorption of radiation upon its passing through matter. 
The extent of absorption varies with the wavelength 
of the radiation in a manner that depends on the mate- 
rial. A sample can be placed between the source of 
radiation and a spectrometer. Alternatively, the sample 
can be placed between the monochromator and the de- 
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tector in the spectrometer, so that at any given time 
the sample is only exposed to the radiation of the spe- 
cific wavelength that is being measured, rather than 
being flooded with radiation of all wavelengths emitted 
by the source. The fraction of radiation that is absorbed, 
as a function of wavelength, is measured and can be 
used in the qualitative chemical analysis of a wide range 
of materials, including explosives and propellants. 


The dimensionless quantity known as ‘absorbance’ is 
calculated as: 


sheorbanca= log incident radiant power 


transmitted radiant power 


Often the absorbance at a specific wavelength has a 
linear (or nearly linear) relationship with the concen- 
tration of the absorbing species. This is very useful in 
quantitative chemical analysis. 


ABSORPTIVITY — A measure of the efficiency of the 
absorption of radiant energy by the surface of an object 
(i.e., the absorber). In this process, incident electro- 
magnetic radiation interacts with electrons and is trans- 
formed into thermal energy. The absorptivity of a sur- 
face is the ratio of the radiant energy absorbed to the 
total energy incident upon the surface. The ratio rang- 
es from 0 to 1, with a perfect absorber (i.e., a black 
body) having an absorptivity of 1. (See radiation law.) 


ACACIA GUM - See gum Arabic. 
ACAROID RESIN — See red gum. 


ACCELERATING RATE CALORIMETRY — (Abbreviat- 
ed ARC) — One of several methods used to study the 
thermal properties of pyrotechnic compositions. Ac- 
celerating rate calorimetry is primarily used to assess 
thermal hazards and to set temperature limits for safe 
process, storage and transport of pyrotechnic compo- 
sitions. The thermal properties are determined by 
finding the onset temperature for thermal runaway. 


Although differential scanning calorimetry (DSC) 
provides similar results, ARC measurements provide 
more realistic estimates of the runaway temperature. 
The ARC technique minimizes heat loss from the 
sample to its environment by matching the temperature 
of the apparatus to that of the sample. Thus, if the 
sample begins to self-heat, the temperature of the sur- 
rounding calorimeter is increased accordingly. The 
advantage of this technique is that adiabatic conditions 
are achieved with rather small samples (i.e., 1 to 3 
grams for pyrotechnic material). Consequently, the 
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Three views of a typical ARC instrument are shown 
below. First is an overall view of the calorimeter with 
the containment cabinet door open, and with the calo- 
rimeter top raised. 


Calorimeter 
Bottom 


Cabinet 


Second is a close-up of the top portion of the two- 
piece calorimeter. 


Third is a closer view of the sample vessel and its at- 
tachment to the instrument. 


measured thermal runaway onset temperature is much 
more representative of that for bulk quantities. 
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The sample is usually contained within a small, thin- 
walled spherical vessel (with about 10 mL internal 
volume) made of titanium or stainless steel. This vessel 
is mounted just below the top portion of the calorimeter 
and connected to a gas manifold that passes through 
the body of the top calorimeter. 


Throughout an experiment, the temperature of the 
sample is monitored by a thermocouple, the tip of 
which is attached to the bottom of the vessel. When 
the sample has been installed, the top of the calorime- 
ter is lowered onto the bottom of the calorimeter, thus 
introducing the sample vessel into a steel jar installed 
in the bottom of the calorimeter. Experiments can be 
performed in either the open (1.e., gas manifold open 
to the atmosphere) or closed (1.e., gas manifold closed) 
configuration. In the latter instance, various gases 
may be used at pre-selected initial pressures. These 
details constitute important experimental parameters 
and must be specified with the results. When an ARC 
experiment is performed in a closed configuration, 
measurements of the volume of gaseous products can 
be obtained. These can then be used to estimate the 
rate at which pressure would increase within a sealed 
pyrotechnic device. 


Two types of ARC experiments can be performed, 
isothermal and heat-wait-search (HWS). In the iso- 
thermal mode, the sample is heated to a pre-selected 
temperature and maintained adiabatic at this tempera- 
ture for a pre-selected period or until a self-heating 
rate (R) of the sample, greater than a specific value 
(usually 0.02 °C/min), is detected. This type of exper- 
iment provides information about the induction time to 
thermal runaway at this specific temperature. By meas- 
uring this induction time at several temperatures, one 
can obtain information on the kinetics of the sample’s 
thermal decomposition. 


In HWS experiments, the sample is usually heated 
quickly to a starting temperature. After that temperature 
has been reached, the temperature of the system is 
raised in steps (usually 2 to 5 °C). At each step, the 
system is kept adiabatic during a wait period (to allow 
for the dissipation of thermal transients) and then there 
is a search period (while monitoring to detect exo- 
thermic activity). An exotherm is defined as a self- 
heating rate (R) greater than a specific value (again, 
usually 0.02 °C/min). The temperature for this self- 
heating rate is a measure of the ARC onset tempera- 
ture for thermal decomposition. Since exotherms can- 
not be detected during the heat or wait periods, the 
true onset temperature is obtained subsequently by ex- 
trapolating the data obtained to R = 0. Whenever an 
exotherm is detected during the search mode, the heat- 
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wait-search procedure is automatically interrupted, and 
the calorimeter tracks the sample temperature and 
pressure while still maintaining the system adiabati- 
cally. The experiment is normally programmed to stop 
if the pressure exceeds a set value (for a closed con- 
figuration) or if R exceeds a specified value (usually 1 
to 5 °C/min). 


Typical temperature and pressure records from an 
ARC-HWS experiment ona 0.5 g Black Powder sample 
(in aclosed system under ambient air, with 5 °C heating 
steps) are presented below. In this instance, the ARC 
detected an onset temperature (R = 0.02 °C/min) at 
235 °C, 
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The results from differentiating the ARC temperature 
curve above are compared to those obtained by differ- 
ential scanning calorimetry (DSC) and heat flux calo- 
rimetry (HFC) below. 
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It can be observed that, due to its very low heating 
rate, the HFC technique is the most sensitive since it 
provides the lowest onset temperature for thermal 
runaway. It is also the only technique that detected a 
minor exotherm around 160 °C, which is believed to 
be due to oxidation of the remaining liquid sulfur 
promoted by the presence of air. It should be men- 
tioned that the ARC technique can provide onset tem- 
peratures of the same order in essentially one day 
compared to two days for an HFC experiment per- 
formed at 0.1 °C/min. 


(The data and photographs in this entry were repro- 
duced with the permission of the Minister of Public 
Works and Government Services, courtesy of Natural 
Resources Canada, 2011.) 
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ACCELERATION — (Symbol: a) — A change of velocity 
(Av) with respect to time (Af). Thus, since velocity is 
the change in distance (As) with respect to time, ac- 
celeration has the dimensions of distance divided by 
time squared. The average acceleration (@ ) is: 


Av As 
oF aa 
At At 


The instantaneous acceleration (a) is the derivative of 
velocity with respect to time: 


dv 
a=— 
dt 


Here, dv/dt is the differential change in velocity with 
respect to time (i.e., the change in velocity over a time 
interval approaching zero.) 


Acceleration is a vector quantity and thus has both 
magnitude and direction. Acceleration is commonly 
thought of as an increase in velocity; in fact, it can be 
either positive or negative. Negative acceleration may 
be commonly described as deceleration. 


Treatment of acceleration is the central aspect of per- 
forming ballistic calculations for aerial shells and 
rockets. 


ACCELERATION DUE TO GRAVITY — (Symbol: g) — 
Acceleration of a freely falling body due to earth’s 
gravitational field. The acceleration due to standard 
gravity has the value, g = 9.78 m/s* (32 ft/s) at sea 
level and latitude 0°, while it is 9.83 m/s? (32.3 ft/s”) 
at latitude + 90°. 


ACCELEROMETER -— A transducer used to measure 
acceleration in one direction using mechanical or 
electromechanical means. 


In rocketry: For the total acceleration to be measured 
along each of three axes requires three separate accel- 
erometers. Most hobby altimeters, which operate by 
measuring a rocket’s acceleration, use single or dual- 
axis accelerometers. 


ACCEPTABLE QUALITY LEVEL-— (Abbreviated AQL) — 
(Also acceptance quality level) — As a part of a quality 
control program, a value expressing the acceptable 
percentage of defective units. 


ACCEPTED NON-SI UNIT — See unit, accepted non-SI. 
ACCEPTOR (explosives) — A charge of explosives, a 
building or some other target that is receiving the ener- 


gy (i.e., stimulus) from an exploding donor charge or 
building as illustrated below. 
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Donor Building Acceptor Building 


ACCEPTOR CHARGE — The explosive (i.e., charge) that 
receives the stimulus from a donor explosive, as illus- 


trated below, or in a gap test. 
Acceptor 
Charge 


ACCOMPANIMENT FIREWORK DISPLAY — See chore- 
ographed firework display type. 


Firing Line 
Detonator 


<— Donor 
Charge 


ACCESSORY FUEL -— See fuel. 


ACCRETION — The process of growth or enlargement 
by a gradual buildup or accumulation, such as by ad- 
hesion of external parts or particles. The manufacture 
of rolled stars (see star manufacturing) is an example 
of accretion. 


ACCROID or ACCROIDES — See red gum. 


ACCUMULATOR (flame effect) — See flame-effect gas 
accumulator. 


ACCURACY - An expression of the degree of agreement 
(i.e., the closeness) between the measured value and 
the true value of the phenomenon being observed. 
Accuracy must not be confused with precision, which 
expresses the extent to which repeated measurement 
results are closely grouped (i.e., have very little scatter). 
Such measurements, even if closely grouped, may or 
may not be close to the true value. 


ACETATE BUTYRATE DOPE — See cellulose acetate 
butyrate dope. 


ACETIC ETHER -— See ethyl acetate. 
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ACETONE — [C3H6O]— {CAS 67-64-1} — (Also dimethyl 
ketone, 2-propanone or propan-2-one) 


Acetone is a useful solvent for substances such as ni- 
trocellulose and chlorinated rubber. It is a common, 
extremely flammable, inexpensive, water-soluble, in- 
dustrial solvent of low toxicity. Acetone is a clear, 
colorless liquid with a characteristic, sweetish odor. 


Structural formula: 


E 
F 


Characteristic (a) 


nt 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 500 parts per million. 


UN hazard classification: PSN: acetone; HC: 3- 
flammable liquid (UN1090). 


ACETONE PEROXIDE — [C9HgO06]— {CAS 17088-37-8} 
— (Also 3,3,6,6,9,9-hexamethyl-1,2,4,5,7,8-hexaoxo- 
cyclononane, acetone peroxide trimer, peroxyacetone, 
triacetone triperoxide, TATP or Mother of Satan) 


This material is a highly sensitive primary high explo- 
sive, notorious for its use in improvised explosive de- 
vices and by suicide bombers. The trimeric isomer is 
the most commonly encountered form of acetone per- 
oxide; a monomer, a dimer and a tetramer are also 
known, and all are explosive. The trimer is a white, 
crystalline powder with a 
characteristic odor, which ee ae 
is said to resemble that of 
bleach. Its chemical struc- 
ture is a 9-membered ring 
consisting of three “Ge 
[-O-C(CHs)-O-] groups |, — ar 
linked together as seen at 3 3 
the right. 


The explosion of this compound has been studied by 
X-ray crystallography and electronic structure calcu- 
lations. This work led to the surprising result that the 
explosion is caused by the sudden increase in entropy 


Page 6 


as each molecule of the solid decomposes to three ac- 
etone [C3H¢O] molecules and an ozone [O3] molecule 
(Dubnikova, 2005). 


Characteristic (a) 


a) Code for reference source, see preface. 
b) www.drugfuture.com/chemdata/triacetone-triperoxide.html 
c) Contini, 2012. 


Hazard: Explosive. The informal name “Mother of 
Satan” presumably refers to its propensity to explode 
unexpectedly. 


Historical: Acetone peroxide was discovered by Ger- 
man chemist Richard Wolffenstein (1864-1926), who 
made it by reacting acetone with hydrogen peroxide in 
an acid solution. It attracted little interest until the early 
years of the 21“ century, when it began to be used as 
an explosive by some terrorists. From their perspective, 
it has the advantages of being easily synthesized and 
of being undetectable by scanners intended to detect 
nitrogen-based explosives. Its disadvantage of explod- 
ing unexpectedly has regrettably been insufficient to 
deter its use. 


The compound is of interest to chemists because of its 
structure, its unusual mode of decomposition and be- 
cause of the need to avoid its being formed uninten- 
tionally during the synthesis of other chemicals. 


ACETOXYETHANE — See ethy/ acetate. 
ACETYLACETONE — See 2,4-pentanedione. 


ACETYLENE — [C2H2]— {CAS 74-86-2} —(Also ethyne) 


Acetylene is a flammable gas that is produced in, and 
used to fuel, carbide cannons by reacting calcium 
carbide with water. Acetylene is a colorless gas. The 
odor of pure acetylene is not unpleasant, but the odor 
of acetylene produced from commercial calcium car- 
bide is disagreeable due to the presence of impurities 


such as phosphane [PH3]. 


Structural formula: 
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Characteristic (a) 


a) Code for reference source, see preface. 
Health information: NIOSH Ceiling: 2662 mg/m’. 


UN hazard classification: PSN: acetylene, dissolved; 
HC: 2.1 — flammable gas (UN1001). 


ACETYLENE BLACK — See carbon black. 
ACETYLENOGEN — See calcium carbide. 


ACGIH — Abbreviation for American Conference of 
Governmental Industrial Hygienists. 


ACID — An acid can be thought of chemically as the op- 
posite ofa base. A reaction between an acid and a base 
may be described as neutralization. An acid (e.g., hy- 
drochloric acid, HCl) will react with a base (e.g., so- 
dium hydroxide, NaOH) to produce water and a salt 
(in this case, sodium chloride, NaCl): 


HCl + NaOH > H2O + NaCl 


There are several acid-base theories. The more common 
ones, each more general and more widely applicable 
than the preceding one, are described below. 


Arrhenius theory: Proposed in 1884 by the Swedish 
scientist Svante Arrhenius (1859-1927). It states that 
an acid increases the concentration of hydrated hy- 
drogen ions [H’(aq)] in an aqueous solution. For ex- 
ample, hydrogen chloride [HCl] is an Arrhenius acid 
because it reacts with water to produce hydrated hy- 
drogen ions [H ‘(aq)] and chloride ions [CI (aq)]: 


HClaq) > H (aq) + Cl aq) 


Some general properties of an Arrhenius acid include 
sour taste (opposed to the bitter taste of a base), corro- 
sive reactions with many metals and a reaction (some- 
times violent) with basic substances. An aqueous so- 
lution of an Arrhenius acid conducts electricity and 
turns blue litmus paper red. Contrary to popular be- 
lief, many acids are not caustic to the skin. Ascorbic 
acid, for example, is the nutrient vitamin C, and boric 
acid is so mild it can be used in water as an eye wash. 


Bronsted-Lowry theory: Developed independently in 
1923 by the Danish physical chemist Johannes 
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Bronsted (1879-1947) and the English physical chem- 
ist T. Martin Lowry (1874-1936). It states that an acid is 
a proton [H"] donor. For example, hydrogen chloride 
[HCl] is a Brensted-Lowry acid because it can donate 
a proton to water, producing the hydronium ion [H30"}: 


HCl) + HOW) > H30%(aq) + Cl (aq) 


Lewis theory: Developed in 1923 by the American 
physical chemist Gilbert Lewis (1875-1946). This 
theory states that an acid is an electron-pair acceptor, 
which allows a Lewis acid to form a covalent bond 
with another ion or molecule that can donate a pair of 
electrons. For example, boron trifluoride [BF3] is a 
Lewis acid because it can accept a pair of electrons 
from a fluorine ion [F ]: 


BF3(g) + F (aq) > BF4 (aq) 


ACIDIC — An aqueous solution in which hydronium 
ions [H30°] predominate over hydroxide ions [OH]. 
Acidic solutions have pH values less than 7, with 
more acidic solutions having lower pH values. 


Some chemicals used in pyrotechnics hydrolyze under 
aqueous conditions to form significantly acidic solu- 
tions. Problems potentially arise when these chemicals 
are combined with other chemicals that are attacked 
or otherwise sensitized under acidic conditions. 


ACID NEUTRALIZER — See neutralization. 


ACID POTASSIUM PHTHALATE — Sce potassium hy- 
drogen phthalate. 


ACOUSTIC — Something related to or associated with 
sound. Acoustic is used as a modifier for terms that 
identify an object or physical characteristic associated 
with sound waves, for example: acoustic impedance, 
acoustic output (i.e., sound power), acoustic wave and 
acoustic velocity (see speed of sound). 


Sound level maximums are sometimes established for 
firework devices and displays (e.g., see sound pressure 
level, aerial shell). This information is determined us- 
ing acoustic measurement techniques (see sound pres- 
sure level measurement). 


ACOUSTIC COMBUSTION INSTABILITY — See rocket 
motor combustion instability. 


ACOUSTIC IMPEDANCE -— Specific acoustic impedance 


(z) is the ratio of the sound pressure level (p) to the 
particle velocity (v) in a particular medium: 
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Z=— 
‘ 

In air, the characteristic acoustic impedance (zo) is the 

product of the density of air (p) and the local speed of 

sound (c;): 


Z9 = pc, 


The concept of acoustic impedance is useful in that it 
allows a calculation of the acoustic energy that is re- 
flected or transmitted at boundaries within or between 
materials. It can be used to determine the fraction of 
mechanical energy that can be transmitted into and/or 
reflected by various materials. This has important rel- 
evance to such diverse things as explosive shock waves, 
firework whistles (see whistle mechanism, pyrotechnic) 
and in-mortar explosions. 


ACOUSTIC MACH METER -— See Mach meter, acoustic. 


ACOUSTICS — The branch of physics that studies sound 
in gases, liquids and solids. Acoustics deals with the 
production, control, transmission, reception and ef- 
fects of sound. 


ACOUSTIC VELOCITY — See speed of sound. 
ACOUSTIC WARNING — See warning, acoustic. 


ACRYLIC RESIN — (Also acrylic plastic or acrylic) — A 
class of thermoplastic materials, made from acrylic 
acid, methacrylic acid or their derivatives, used for 
molding or casting transparent plastic parts. The most 
common acrylic resin is polymethyl methacrylate (also 
known under the trade names Plexiglas, Lucite and 
Perspex, and as acrylic glass). It is commonly available 
as preformed stock such as rods, tubes or sheets that 
can be machined as needed. 


In rocketry: In addition to acrylic resin being used to 
make plastic model parts, it may be used as the fuel in 
a hybrid rocket motor. 


ACRYLONITRILE-BUTADIENE-STYRENE — [((C3H3N)x 
(C4Ho): (CsHs)m)n] — {CAS 729-90-5} — (Abbreviated 
ABS) 


A common thermoplastic used to make light, rigid, 
molded or extruded products. It is a copolymer of sty- 
rene, acrylonitrile and butadiene. 


In fireworks: ABS pipe is occasionally used to make 
firework mortars, but it is commonly considered to be 
unsuitable because, in the event of an aerial shell ex- 
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ploding in the mortar, ABS can fragment dangerously, 
especially at low ambient temperatures. 


ACTIVATED CHARCOAL - See charcoal type. 


ACTIVATION ENERGY — (Symbol: E,) — (Also energy of 


activation) — The energy required to initiate a chemical 
reaction or process. In pyrotechnic chemistry, it can 
be defined as the amount of energy required to raise a 
specified quantity of pyrotechnic composition to its 
ignition temperature. The relationship between activa- 
tion energy and enthalpy of reaction, which is the net 
energy produced by the chemical reaction, is illustrated 
below. 


Enthalpy 
of 
Reaction 


Internal Energy 


Reaction Progress 


Initially, as energy is added to the system to raise its 
temperature to the ignition temperature, there is an in- 
crease in internal energy of the pyrotechnic composi- 
tion. Then, as the reaction begins in earnest (i.e., burn- 
ing starts), energy is released to the surroundings, and 
internal energy of the composition decreases. It is 
possible to think of the Energy In part of the reaction 
as when existing chemical bonds of the reactants are 
being broken and the Energy Out part as when new, 
stronger bonds are being formed in the chemical 
products. 


The activation energy requirement acts as a barrier to 
keep pyrotechnic compositions from spontaneously re- 
acting under normal conditions. The activation energy 
barrier for two compositions that are identical except 
that one contains potassium chlorate and the other 
contains potassium perchlorate is illustrated below. 


Using 
Potassium Perchlorate 


Potassium Chlorate 


Reaction Progress 


Reaction Progress 


The lower activation energy barrier for the potassium 
chlorate composition makes it easier to ignite than the 
potassium perchlorate composition. This is also part of 
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the reason why accidental ignitions are more likely 
with potassium chlorate compositions. Another part of 
the reason for the lower activation energy barrier is that 
the decomposition of potassium chlorate is significantly 
exothermic, whereas the decomposition of potassium 
perchlorate is approximately thermally neutral. 


ACTIVE CONTROLS (rocketry) — See control (rocketry). 


ACTUAL EXHAUST VELOCITY — See exhaust velocity 
(ideal gas exhaust velocity). 


ACTUATOR, EXPLOSIVE -— (Also pyrotechnic actuator 
or propellant actuator) — A pyrotechnic or explosive 
device intended to produce a controlled mechanical 
action, such as extending a bellows, everting a dimple 
or extending a piston. An example of a small bellows 
actuator is shown below. 


Photo Credit: L. Weinman 


Explosive actuators have the advantage of providing a 
relatively large force very rapidly from a small device. 
In certain applications, this outweighs any disad- 
vantages inherent in the device being usable only once. 
The mechanical action of an actuator can be used in 
many ways, such as releasing or securing a mechanical 
contrivance by the extraction or insertion of a locking 
pin, operating a control valve or operating an electric 
switch. Almost universally, the mechanical action is 
accomplished using gas pressure produced as the re- 
sult of burning a small, contained pyrotechnic charge. 
Three types of small actuating devices are illustrated 
farther below in cross section: first, in their initial state 
and then after their activation. (Dimple and bellows 
‘actuators’ are often referred to as dimple and bellows 
“motors’.) 


Similar functioning, but usually larger devices may be 
described as propellant-actuated devices and explosive 
actuated devices (e.g., an explosive cable cutter as 
used in some special effects). It is also possible for the 
source of gas to be more widely separated, from the 
movable portion of the device, than in the small actua- 
tors discussed above. Such devices may be described 
as cartridge-actuated devices (see gas generator, pyro- 
technic). 


Historical: An early example of the use of pyrotechni- 
cally generated gas to expand a bellows was introduced 
in the 1920s as a component of a fire extinguisher pa- 
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Leg Wires 


Bellows Actuator 
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tented by American inventors Robert Kauch and 
Charles L. Paulus. In 1933 Americans Scott E. Allen 
and Ozro N. Wiswell patented an electrically initiated 
pyrotechnic actuator for use, for example, in fire ex- 
tinguishing systems. American H. O. Grant, Jr., in a 
patent issued in 1946, disclosed an _ electrically- 
actuated explosive device to move a piston. This motion 
could be used, for example, to cause a cutter to pierce 
the closure disc of a container of compressed gas, re- 
leasing the gas to inflate a flotation device or to extin- 
guish a fire. A bellows type explosive actuator was 
patented by American Donald Francis Murphy in 
1951 for use in deploying the rip cord of a parachute. 
Subsequently numerous patents were issued for pyro- 
technic or explosive actuators for use in aerospace ap- 
plications and for operating high-power electrical cir- 
cuit breakers See, for example, US Patent 7,063,019 
and citations therein. 


ACTUATOR SYSTEM -— A system (electric, hydraulic, 
pneumatic or mechanical) that provides and transmits 
energy to operate other mechanisms or systems. Sen- 
sors are often an integral part of the system used to in- 
itiate and control the actions of the actuator(s). 
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In rocketry: Actuator systems may be used to control 
flight hardware, for example, for changing the direction 
of thrust (i.e., vectoring the thrust). 


actuator unit — A device that translates sensor in- 
formation into mechanical motion. Actuator units use 
one or more of the following energy transfer modes: 
hydraulic, pneumatic or electrical. 


ACUTE — An adjective used to indicate an event, occur- 
rence or condition either with a rapid onset or of short 
duration. (This is in contrast with chronic.) An acute 
occupational illness is one occurring after a chemical 
exposure delivered in a single dose or over a short pe- 
riod of time. (The word acute is often incorrectly used 
to mean severe.) 


ACUTE TOXICITY — See Globally Harmonized System 
of Classification and Labeling of Chemicals. 


ADAPTER (rocketry) — An adapter is often used as a 
body tube coupler but can also be used to fit motors of 
one diameter into rockets with motor mount tubes of 
different diameters. 


ADAPTATION (human perception) — The adjustment of 
a person’s response to wide changes in stimulus levels. 
For example, there are brightness adaptations whereby, 
after prolonged exposure to low light levels, a person’s 
ability to see dimly lit objects improves significantly. 


An example of adaptation relevant to fireworks is 
one’s ability to see carbon sparks clearly from fire- 
works in the night sky, whereas in daylight they are 
invisible. 


ADDITIONAL PERCENT — See percent. 
ADDITION COMPOUND -— See lattice compound. 


ADDITIVE — A material added to a pyrolant (i.¢., a fuel 
plus oxidizer mixture) to achieve a specific purpose in 
a pyrotechnic composition. 


The amount of additive used in a pyrotechnic compo- 
sition ranges widely. Some additives are used in rela- 
tively large amounts; for example, flame color-agents 
and spark-producing materials are typically used in 
the range of 10 to 20% of a composition. Some addi- 
tives are used in significantly smaller amounts; for 
example, 4 to 5% is typical for binders, 2 to 4% is 
typical for burn rate modifiers, and 1% is typical for 
acid neutralization. Still other additives can be effec- 
tive in much smaller amounts, for example, 0.2% is 
adequate for Jampblack to act as a combustion propa- 
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gation aid, and some anticaking agents can be effec- 
tive at 0.05%. Examples of additives and their poten- 
tial uses are presented below. 


Additive Example Purpose 


ADDITIVE — EFFECT ON BURN RATE — See burn rate, 
factor affecting (presence of an additive). 


ADHESION -— The process of attachment of a substance 
to the surface of another substance (IUPAC). 


Adhesion is in contrast with cohesion, which denotes 
attachment of a substance to itself. For example, water 
droplets may adhere to a glass surface, but water 
droplets may cohere to each other when they meet. 


ADHESIVE — A substance (e.g., glue, plaster or cement) 
that binds solid materials together. It may accomplish 
this in several different ways. An adhesive may dis- 
solve, soften or gelatinize in water (e.g., gum Arabic or 
dextrin) or another solvent (e.g., shellac or red gum in 
alcohol), and then harden by evaporation of the solvent. 
An adhesive may soften on heating and congeal on 
cooling (e.g., hot melt glue or shellac). An adhesive 
may harden or thicken by undergoing a chemical curing 
reaction (e.g., epoxy and polyester resin). 


In pyrotechnics: For the most part, binders are adhe- 
sives that glue the individual particles of a composition 
together. 


Traditionally, pyro-adhesive, a special type of adhesive 
was used to seal visco fuse into exploding fireworks, 
to glue end plugs into tubes and sometimes mixed 
with sawdust to coat cherry bombs. 


ADIABATIC — A process or event that occurs without any 
transfer of thermal energy between the system of in- 
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terest and the surroundings. The term may also be 
used when the transfer of energy is very small and suf- 
ficiently insignificant to be ignored. 


ADIABATIC CHANGE — See adiabatic process. 
ADIABATIC COMPRESSION -— See adiabatic heating. 


ADIABATIC EXPANSION — Expansion of a_high- 
pressure gas to low pressure without exchanging 
thermal energy with the surroundings. This decreases 
the temperature of most gases. 


ADIABATIC FLAME TEMPERATURE — See flame tem- 
perature, adiabatic. 


ADIABATIC HEATING — (Also adiabatic compression) — 
When gases are compressed, they increase in tempera- 
ture. When the increase in pressure is extremely rapid 
(such as during an explosion or a high-speed impact), 
the gases do not have time to transfer heat to their sur- 
roundings. Under these adiabatic conditions, the tem- 
perature (7) change is related to the pressure (P) 
change as expressed in the equation: 


(7) 
r=T| |” 
B 


1 


Here, y is the heat capacity ratio of the gas being 
compressed, and 1 and 2 refer to before and after the 
compression, respectively. 


Adiabatic heating is important in the propagation of 
detonation reactions in many high explosives. It has 
also been suggested as a mechanism contributing to the 
explosive malfunction of some pyrotechnic devices. 


ADIABATIC PROCESS -— (Also adiabatic change) — A 
thermodynamic process in which a substance under- 
goes change without the exchange of heat with its sur- 
roundings. 


If an ideal gas were contained in a vessel with ideal 
thermal insulation, adiabatic expansion of the gas 
would result in cooling, adiabatic compression would 
result in heating the gas, and both processes would be 
in exact accord with Charles’ law (See gas law). 


Adiabatic is also commonly used to describe processes 
in which there is some, but relatively little, exchange 
of heat with the surroundings, thus only approximating 
a true adiabatic process. 


ADIABATIC REACTION TEMPERATURE — See flame 
temperature, adiabatic. 
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ADM and ADN — Abbreviations for ammonium dini- 
tramide. 


ADOBE CHARGE (blasting) — An unconfined or mud- 
covered explosive charge fired in contact with an 
open rock surface. 


ADR -— Abbreviation for Agreement Dangerous Road. 


ADSORPTION — The ability of a substance to hold on 
its surface (including the inner surfaces of pores and 
cracks) a thin layer of gases, liquids or dissolved sub- 
stances. This surface phenomenon can be divided into 
two types — physical and chemical. (Contrast with ab- 
sorption.) 


Physical adsorption: The formation of a thin film of 
gas or liquid on the surface of a solid, typically driven 
by surface energy effects such as van der Waals forces. 
For example, the surface area of extremely small par- 
ticles may be determined by measuring the adsorption 
of nitrogen onto the surface of the particles. 


One substance well known for its adsorptive properties 
is charcoal. The adsorptivity of a typical charcoal is 
presented below (McLain, 1980) for several gases. 


a) Nitrous oxide or dinitrogen monoxide [N2O] 
{CAS 10024-97-2. 


b) Ethene [C2H4] {CAS 74-85-1}. 


Adsorptivity decreases with increasing temperature, 
and charcoal can be cleansed of its adsorbed gases by 
heating, especially by heating it in a vacuum. 


The ability of charcoal to adsorb sulfur dioxide gas 
when charcoal is milled with sulfur during the manu- 
facture of Black Powder contributes significantly to 
the reactivity of Black Powder. This is the result of the 
adsorbed sulfur dioxide significantly increasing the 
oxidative activity of the charcoal, and it is an example 
of so-called ‘adsorptive activation’. 


Each gas in the above table is effective in replacing 
those gases with a lower adsorptivity. Accordingly, 
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sulfur dioxide can replace all the gases listed below it 
in the above table. Therefore, charcoal can adsorb sulfur 
dioxide in the Black Powder milling process without 
first having to be cleansed of previously adsorbed gases. 


Chemical adsorption: See chemisorption. 
ADSORPTIVE ACTIVATION — See adsorption. 


A DUST — An extra fine meal powder that is a by- 
product of the manufacture of A blasting powder and 
is an ingredient in some older firework formulations. 
This product is no longer available, but meal D is an 
acceptable substitute. (See Black Powder grade.) 


ADVANCED HIGH-POWER ROCKET - See high-power 
rocket, advanced. 


A. — Symbol for nozzle exit area. 


AERIAL — Something that typically is located in or op- 
erates up in the air (significantly above ground level). 


AERIAL BOMB — A nearly obsolete term for aerial shell. 
Its use is undesirable because ‘bomb’ is commonly 
used to refer to an intentionally destructive device. 


AERIAL DISPLAY SHELL (fireworks) — See aerial shell 
(fireworks). 


AERIAL FIREWORK - A general term to describe a 
firework device that explodes in the air, significantly 
above ground level. These include (but are not limited 
to) aerial shells, rockets, comets, mines and Roman 
candles. Aerial fireworks are further classified as being 
either low level or high level (see fireworks, descriptive 
classification of) depending on the height they reach 
above ground. (Contrast with ground firework.) 


AERIAL FLARE — See flare (noun). 


AERIAL FLASH SALUTE - See firecracker, twice ex- 
ploding. 


AERIAL MINE — See sky mine. 


AERIAL SHELL (fireworks) — (Also shell, aerial display 
shell or in the past aerial bomb or bomb shell) — A 
type of firework consisting of a projectile containing 
the means of producing a display of some sort and in- 
tended to be propelled into the air, usually from a 
firework mortar. After a brief delay, intended to allow 
time for the aerial shell to reach an appropriate height, 
the shell bursts open, dispersing its contents to pro- 
duce a display. (see aerial shell name and description). 
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consumer firework aerial shell — There are two 
categories: preloaded single-shot devices in which the 
shells are supplied preloaded into mortars ready for 
firing by the user, and shells that are to be loaded (or 
reloaded) into their mortar by the user. Preloaded aerial 
shells may also be incorporated in multiple-tube de- 
vices. An example of a preloaded single-shot device is 
illustrated below in cross-section (on the left) with the 
aerial shell construction illustrated on the right. 


Mortar ——— 


Tube 
Closure 
Top Disk Stars & 
Aerial Shell Burst 
Lift Charge Charge 
Fuse Time 
Fuse 


For an example of a reloadable aerial shell device, see 
festival ball. 


display firework aerial shell — These shells typi- 
cally range in size (based on the diameter of the mortar 
from which they are intended to be fired) from less 
than 2 inches (50 mm) to more than 12 inches (300 mm), 
with 3 to 6-inch (75 to 150-mm) shells being the most 
commonly used. Aerial shells as small as %-inch (19 
mm) are common in multiple-tube devices, and shells 
larger than 40 inches (1 m) have been produced. 


The general appearance of display aerial shells is shown 
below with examples of 3 through 5-inch cylindrical 
aerial shells (upper) and 3 through 8-inch spherical 
aerial shells (lower). 
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In the US, the name of the manufacturer and other 
identifying information must appear on aerial shells 
(typically, this appears on the shell label), along with 
a prominent warning statement. It is also common for 
a brief (and typically incomplete) set of directions for 
firing to be presented on the shell label. An example 
of a typical shell label is shown below. 


| WARNING ss 
| EXTREMELY DANGEROUS,FOR LICENSED DISPLAY | 
OPERATORS ONLY. 


| G 
| Bury 3/4 of mortar in ground. Barricade wih spot cap 
shell in: mortar, Fuse end up, Remove cole’ Fy ie 


gs: (oad | 


& 
fuse. Light and run away iatantiy. 7! tof tt 


construéied to fire instantly. Never position 2"Y e 


ver pm ioadeds mortar tube. ine || 
re — loading. extinguish and remove oa 
tube, This shell has passed various 


your safety, it Is your responsibility to use lt 


| MADE IN CHINA UNO335 1. 3G FIREW 


is (0 
debris 
ectione (O° 


‘ORKS 


A basic bottom-fused aerial shell loaded into a buried 
mortar ready for manual firing is illustrated farther be- 
low in cross section. (Many larger and multibreak cy- 
lindrical shells are made as top-fused aerial shells.) 


Today, aerial shells are often fired from above-ground 
mortars (typically secured in mortar racks or in sand- 
filled mortar troughs or barrels). 


Today, aerial shell casings are made of paper or plastic; 
in the distant past, they were made from turned wood. 
Paper has the advantage over other materials of being 
rapidly biodegradable. Aerial shells have considerable 
advantages over rockets in that their flight paths are 
more predictable, and a greater percentage of their 
gross weight is devoted to the display items (e.g., stars 
and/or inserts) they are carrying. 


It is common practice to attach the lift charge to the 
bottom of the projectile by encasing it in paper and at- 
taching a length of quick match to the lift charge as a 
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Quick Match 
_— Shell Leader 


Shell Casing 


Cross-Matched _ 
Time Fuse 


Shell Lift Charge =~ 


_ in Lift Charge 


means of its ignition. This practice was first described 
in print in the early 19" century. It is now increasingly 
common for display aerial shells to be fired electrically 
using electric matches. 


The shell’s time fuse can vary in design but is an essen- 
tial component of any aerial shell. Historically, time 
fuse was composed of a sturdy tube filled with highly 
compressed Black Powder (described as a spolette or 
Roman fuse). Modern time fuse is most often a type 
of Bickford fuse. Some manufacturers, especially in 
Europe, still routinely use spolettes. They are also 
somewhat commonly used on cylindrical, multibreak 
shells, especially on larger shells. A recent develop- 
ment that occasionally replaces a shell’s time fuse is a 
small electronic timer (see time fuse) that is started 
when the shell is launched and then, after a pre- 
determined time interval, fires an electric match in- 
stalled inside the shell to ignite the shell’s burst charge. 


Aerial shells are commonly described by their manner 
of construction. There are two basic shapes: cylindrical 
aerial shells and spherical aerial shells. Aerial shells 
can also be described by their type of fusing (i.e., bot- 
tom-fused aerial shells or top-fused aerial shells). 
There also are multibreak aerial shells. Aerial shells 
can also be described by the general type of display 
they produce, for example star shells, salute shells, 
daylight shells, parachute shells, insert shells and shell 
of shells. For more naming information, see aerial 
shell name and description (general) and aerial shell 
name and description (specific). 
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AERIAL SHELL AIR-BLAST PRESSURE — The air-blast 
pressure produced by the bursting of a firework aerial 
shell. (See blast pressure, air and blast wave, air.) 


Some close-range aerial shell air-blast data, from a 
very limited number of tests, is presented below. Al- 
so, included are the corresponding peak sound pres- 
sure levels and the amount of trinitro-toluene (TNT) 
that would produce the same peak air blast, under the 
same conditions. 


Peak Blast 
Press. () 


a 


~ 


The star shells were spherical shells and the salutes 
were cylindrical in construction. Other construction pa- 
rameters are not available. 

b) Measured at 4 feet (1.2 m). 

c) Reported to the nearest 1 psi (pounds per square inch) 
or 0.1 psi for small values. 

Reported to the nearest 5 dB (decibels, peak, with linear 
weighting) to account for the wide variability in aerial 
shells of the same size and type. 

The mass of TNT (in grams) that produces the same 
peak air-blast pressure at the same distance and ambi- 
ent air pressure as does the listed firework aerial shell. 


d 


~ 


e 


~ 


The peak air-blast TNT high explosive equivalence for 
the salutes, based on the above test results, ranged from 
approximately 15% (for the 4-inch salute) to 30% (for 
the 1-inch salute). The peak air-blast TNT equivalence 
for the star shells ranged from approximately 0.2% 
(for the 5-inch star shell) to approximately 1.5% (for 
the 10-inch star shell). 


Peak air-blast sound pressure level results for a large 
collection of 3- through 6-inch (75- through 150-mm) 
star shells bursting at their normal altitudes are reported 
in sound pressure level, aerial shell entry. 


AERIAL SHELL APPARENT ANGULAR DIAMETER — 
When an object is seen at a distance, such as an aerial 
display shell bursting high in the air, it appears smaller 
than if seen at close range. This has significant ramifi- 
cations for the size of shell bursts as perceived by spec- 
tators of a firework display. For example, consider 
two shell bursts, one from a small shell and one from 
a large shell. It is assumed that the large shell bursts 
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with twice the spread as the small shell and that the 
large shell bursts at twice the altitude (illustrated below). 
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For an observer directly below the shell bursts (to the 
left), both shells will appear to be the same size as de- 
termined by their apparent angular diameter (01). For 
an observer some distance away (to the right) the 
large shell indeed appears to have burst significantly 
larger (and higher) than the small shell, as determined 
by their two apparent angular diameters (02 and 63). 
Only an observer a great distance away will perceive the 
large shell to have twice the spread of the small shell. 


Using the data on typical aerial shell burst height and 
average aerial shell burst spread; it is possible to cal- 
culate the comparative burst spread perceived by 
spectators for various size shells at various distances 
from the firing site. Results are presented below for 
typical 3- through 12-inch (75- through 300-mm) aerial 
shells fired from typical mortars and viewed by spec- 
tators located 0-, 500-, 1000- and 2000-feet (0-, 152-, 
305- and 610-m) from the firing site. In each instance, 
the burst spreads have been normalized to that for 3- 
inch shells. 


Spectator Distance (ft)®) 
Aerial Shell 0 | 500 | 1000 | 2000 


Size | Height | Spread} Burst Spread Compared 
(in.) | (ft) (ft) to Typical 3-inch Shell 


00 | 
| 


a) Toconvert inches to millimeters, multiply by 25.4. 
To convert feet to meters, divide by 3.28. 
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For overall viewing quality, it would be desirable for 
spectators to be relatively close to the firing site be- 
cause aerial shells of whatever size will be seen as 
having greater spreads (i.e., apparent angular diame- 
ters). The burst spreads of larger shells will appear 
diminished in comparison with those of smaller shells. 
For example, as presented in the above table, if a 
spectator were immediately adjacent to the firing site 
(i.e., at O feet), all the various size shells would have 
nearly the same spread. It is not until a spectator is at 
a substantial distance from the firing site that the 
spreads of large shells be reasonably accurately per- 
ceived. For example, at a spectator distance of 2000 
feet (610 m) a typical 12-inch (300 mm) shell will be 
seen as having a burst spread 3 times greater than a 
typical 3-inch (75 mm) shell. 


Fortunately, it is not only burst spread (i.e., apparent 
angular diameter) of large aerial shells that factors in- 
to a spectator’s perception and appreciation of a 
shell’s performance. Qualities such the time duration 
of a shell’s performance, the presence of inner petals 
and color-changing effects are also important. Large 
shells typically have stars that burn substantially 
longer and are more likely to have inner petals and 
color-changing effects. 


When designing a firework display for a specific venue, 
it is important to consider the location of the primary 
audience and the perceived angular diameters of the 
aerial shells to be used. Thus, for a display to be dis- 
charged from a barge located a considerable distance 
out ina harbor with the audience on shore, large caliber 
shells will certainly be well received. In contrast, for a 
display fired within a stadium with the audience rela- 
tively close to the display, a larger number of smaller 
shells will likely be more effective than the same dollar 
value of large shells. 


AERIAL SHELL AUGMENTATION EFFECTS — See aer- 
ial shell enhancement technique. 


AERIAL SHELL BURST DELAY TIME — See aerial 
shell pre-fire time. 


AERIAL SHELL BURST HEIGHT — The height of an 
aerial shell above the point of firing, at the time it 
bursts. The results of burst height measurements from 
a total of 50 typical spherical shells ranging in size 
from 3 to 12 inches (70 to 300 mm) fired from typical 
mortars are presented below. 
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In the above graph, the average burst height (black 
dot) and the extremes (vertical black bars) are shown 
for each size shell. A smooth curve (red) was fitted to 
the series of average burst heights. The typical shell 
burst heights established for spherical shells fired at 
the approximate average elevation of the US (e., at 
approximately 1200 feet (365 m) above sea level) is 
presented below. 


Typical Spherical 
Shell Size | Shell Burst Height 
Ain.) Timm) | (ft) Fm) 


a) Burst height is reported to the nearest 10 feet / 5 meters. 


The graph above also includes a dashed green line, 
which represents a commonly used rule of thumb that 
states that an aerial shell bursts approximately 100 
feet (30 m) in height per inch (25 mm) of shell size. 
While convenient to use, the rule-of-thumb signifi- 
cantly underestimates the burst height for most spher- 
ical shells. 


Salutes typically burst at lower heights than those pre- 
sented in the graph above. In large part, this is be- 
cause salutes tend to weigh less than other shells of 
the same size (i.e., they have a lower ballistic coeffi- 
cient). This is the result of aerodynamic drag forces 
having a proportionally greater slowing effect on sa- 
lutes, thus reducing their vertical range compared with 
heavier star shells. 
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One consideration regarding display design and shell 
size is the potential inability of some (or many) spec- 
tators to be able to view the bursts of small shells. For 
example, consider the situation illustrated below, 
where a display is being fired in a park with a sub- 
stantial number of trees. In that case, some spectators 
may not be able to see the shell bursts of small shells, 
because of their lower burst heights. 


Aerial shell burst height depends on a multitude of 
factors, one of which is the length of the mortar being 
used. For information about the effect of mortar 
length on aerial shell burst height, see mortar length. 


AERIAL SHELL BURST MECHANISM — The process 
resulting in the explosion of a spherical star shell is il- 
lustrated in cross section in the series below. 


FAT Y > 
<q KKAX »> 


In illustration 1, the time fuse has been successfully 
ignited during the launching of the aerial shell from 
the mortar and continues to burn while the shell is 
coasting upward. As the time fuse burns through to 
the interior of the shell (2), fire is delivered to the center 
of the shell. 
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(4) 


The fire ignites the break charge in the center of the 
shell (3), which spreads through the interior of the 
shell producing combustion gases that begin to pres- 
surize the interior of the shell. As the break charge 
continues to burn (4), the stars contained in the shell 
are ignited, and the pressure continues to rise to the 
point of causing a mechanical explosion of the shell. 
Following the bursting of the shell, the released gas 
pressure acts to propel the stars outward in a display 
of light and color. 


The series of four images below capture the moment 
that a 6-inch (150-mm) shell bursts while being held 
in position on the end of a small-diameter green tube. 


In the first image (upper left), the pair of time fuses 
can be seen to be burning and projecting flame to the 
right. In the second image (upper right), the pressure 
inside the shell has increased, which causes fire to jet 
more vigorously from the now open holes in the time 
fuses and a first small tear appears along the weak 
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equator of the shell, where the internal hemispherical 
casings have been joined. In the third image (lower 
left), several additional tears have occurred in the 
shell casing. In the final image (lower right), the shell 
has all but disappeared in the expanding fireball from 
the bursting shell. As an example of the rapidity of the 
explosion, consider that the span of time for the last 
three images is less than 0.001 second. 


The burst process for cylindrical shells is much the 
same as for spherical shells. 


AERIAL SHELL BURST SPREAD — The typical maxi- 
mum diameter of the display produced by an exploding 
aerial shell. The measurement of the spread of an 8- 
inch (200-mm) spherical shell is shown below. 


The shell was suspended approximately 20 feet (6 m) 
above the ground. Using marker lights positioned on the 
ground to establish the scale, the shell was found to pro- 
duce a spread of stars to approximately 810 feet (250 m). 


Certainly, not all shells of a given size produce the 
same spread of stars. This is the result of many factors, 
including the type and amount of break charge, the 
strength of the shell casing and the mass and size of 
the stars or other shell components. There are good 
data on the maximum spread of high quality, typical, 
hard-breaking, spherical shells as a function of shell 
size. These data (Shimizu, personal communication) 
are from the explosion of approximately 350 shells 
ranging from 3 to 12-inches (50 to 300-mm) from a 
variety of manufacturers. The burst diameter of these 
shells is presented farther below. 


In this graph, the average burst diameter (black dot) 
and the extremes (vertical black bars) are shown for 
each size shell. A smooth curve (red) has been fitted 
to the average shell burst diameter over the range of 
shell sizes. The average spread of 8 and 12-inch shells 
lies significantly above and below (respectively) what 
would be predicted from the fitted curve. The average 
shell burst spread (i.e., diameter) from the raw data is 
presented below. 
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a) Spread values are reported to the nearest 10 feet and 5 
meters. 


The dashed green line in the graph is for a common 
rule-of-thumb asserting that hard-breaking, spherical 
shells burst with a spread (i.e., diameter) of approxi- 
mately 100 feet (30 m) per inch (25 mm) of shell size. 
While not providing an especially close fit to the data, 
the rule-of-thumb is easy to remember. 


Certainly, intentionally weak-breaking spherical shells 
and shells of low quality will have smaller burst 
spreads than those presented above. In addition, cy- 
lindrical shells mostly have smaller burst spreads than 
do hard-breaking spherical shells. 


AERIAL SHELL BURST TIME — The time interval be- 
tween the time fuse burning through to the interior of 
an aerial shell and when the aerial shell explodes. This 
information is helpful in gaining an understanding of 
the cause and course of some aerial shell malfunctions. 


A series of burst time measurements were made, in 
which an electric match was installed a short distance 
inside the shell casing of each of 29 star shells ranging 
in size from 3 to 10 inches (75 to 250 mm). Because of 
the expense, these measurements included only three 
8-inch (200-mm) shells and one 10-inch (250-mm) 
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shell. The average results of measurements for each 
size aerial shell are presented below. 


140 . 
120 
100 

80 . 


Burst Delay Time (ms) 


0 2 4 6 8 10 
Shell Size (in.) 


Using a linear fit for the results, the average burst delay 
time as a function of star shell size is presented below. 


Burst Time 
Shell Size (milliseconds) 


(in.) | (mm) |Average! Fitted @ 
a 
ee: 


a) To the nearest 10 milliseconds. 


One example, where such data are, useful is in trying 
to establish the potential for ignitions caused by set- 
back that might be thought to produce an in-mortar 
star shell explosion. It is likely that the internal ignition 
produced by the setback phenomenon is no greater 
than the ignition by an electric match, providing the 
setback ignition occurs at only one location in the star 
shell. If so, a star shell will require from approximately 
0.04 to 0.11 second to explode after its internal ignition. 
It is known from aerial shell internal ballistics that 
this is substantially longer than the time between the 
near-peak acceleration of the shell (when the setback 
forces are most likely to be able to cause an ignition) 
and when the shell exits the mortar. Thus, the aerial 
star shell will have exited the mortar before it can ex- 
plode due to an ignition caused by setback. 


In strong contrast to the time taken for a star shell to 
explode is the time required for a salute to explode. 
Where a 3-inch (75-mm) star shell may require ap- 
proximately 40 ms to explode after an internal electric 
match fires, a 3-inch (75-mm) salute requires no more 
than 3 ms to explode. 
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Although not specifically quantified in the above 
measurements, it is known that explosion times are re- 
lated to the quantity or nature of the ignition stimulus 
used. For example, in one measurement using Light- 
ning Thermo Tube (a type of shock tube) as the means 
of internal ignition, both star shells and salutes ex- 
ploded in approximately half the elapsed time as when 
an electric match was used. 


In another series of measurements, small holes of var- 
ying size were introduced into the casing of star shells 
prior to their being fired from a mortar using their 
normal lift charge. The purpose of this study was to 
determine how great a fire leak of burning lift gas was 
required to cause the shell to explode while still with- 
in the mortar. It was found that increasingly large fire 
leaks into the shell casing resulted in decreased star 
shell explosion times, and that a hole no larger than 
the diameter of typical time fuse was enough to pro- 
duce an in-mortar explosion (described as a flowerpot 
or shell detonation). 


AERIAL SHELL CASING -— See shell casing, aerial. 
AERIAL SHELL COMPONENT - See insert. 


AERIAL SHELL, CYLINDRICAL — See cylindrical aeri- 
al shell. 


AERIAL SHELL DEAD VOLUME — (Also loading space) — 
The empty space below an aerial display shell as 
loaded into a mortar (illustrated below). Knowledge 
of dead volume can be important regarding proper 
shell performance, and it is essential in performing in- 
ternal ballistic calculations from first principals. 


<— Mortar 


Aerial Shell 
and Lift Cup 


Dead Volume 
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Dead volumes range widely depending on the size and 
shape of aerial shells, their manner of construction 
and, to some extent, their orientation in the mortar. 
Fairly typical dead volume values for aerial shells as a 
function of shape and size are presented below. 


Dead Volume () 


Cylindrical Spherical 


Shell Size 


100 | 2¢ 


a) Values to the nearest 5 in.? or 10 cm®. 


Having ample dead volume can substantially decrease 
the peak pressure that occurs upon shell firing, with- 
out substantially reducing the aerial shell’s muzzle ve- 
locity (and therefore the height to which the shell will 
be propelled). For example, calculations for typical 
spherical shells, mostly independent of shell size, 
suggest that a 40% increase in dead volume will re- 
duce peak internal mortar pressure by approximately 
30%, but it will only reduce the shell’s apogee (i.e., its 
maximum height) by approximately 6%. This is be- 
cause, while peak pressure is significantly reduced, 
the impulse (i.e., pressure times time) and thus the 
shell’s muzzle velocity are only moderately reduced. 
In addition, because the aerodynamic drag force is 
proportional to velocity squared, a moderate decrease 
in muzzle velocity results in only a modest reduction 
in the shell’s apogee. 


The firing of comets and multibreak aerial shells will 
result in increased peak mortar pressure because of 
the greater weight of these items as compared with 
typical single-break shells. Accordingly, the use of am- 
ple dead volume for the firing of such items can be 
especially important. Dead volume can be increased 
by any means whereby the aerial shell or comet is 
raised slightly above the bottom of the mortar. 


A frequently mentioned concern, about debris building 
up in the bottom of a mortar that has been repeatedly 
loaded and fired during a display, is that the subse- 
quent firing of an aerial shell from the mortar will 
produce a ow break. Both the effect of increased dead 
volume and shorter effective mortar length are cited 
as possible reasons for a reduction of aerial shell burst 
height. In fact, any reduction in aerial shell burst 
height due to the build-up of even a moderate amount 
of debris in the bottom of a mortar fired repeatedly 
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during a display will be relatively minor. Also, a mor- 
tar will typically clear itself during subsequent firings. 
These are reasons why cleaning a mortar between 
each firing is not thought to be worth the risk of mis- 
takenly trying to clear a mortar containing an aerial 
shell with a hangfire. 


AERIAL SHELL DRIFT — (Also drift effect or drift dis- 
tance) — Aerial shells do not follow the exact path that 
is predicted by simple ballistic calculations, even con- 
sidering the effects of wind. This is due to bore bal- 
loting and the presence of several other complex- 
aerodynamic forces acting on the shell (e.g., Magnus 
force). The difference between the ballistically pre- 
dicted and actual trajectory of an aerial shell is de- 
scribed as shell drift (illustrated below). 
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Ballistically Predicted Path 


While it is certain there will be some shell drift for 
each shell fired, neither the magnitude nor the direction 
of the drift is absolutely predictable. The magnitude of 
the drift will range from essentially zero to at least 
three times the average drift. For example, approxi- 
mately 10% of the spherical single-break shells fired 
normally will drift more than twice the average drift, 
and approximately 1% of such shells will drift more 
than three times the average drift. Further, there is no 
known way to predict anything about the direction of 
the drift. The shell can fall anywhere within a 360- 
degree radius of the predicted fall point. 


The average drift distance for a single-break, spherical 
shell fired normally is approximately 32 feet per inch 
(10 m per 25 mm) of shell size. Similarly, the average 
drift distance for a single-break cylindrical shell is ap- 
proximately 20 feet per inch (6 m per 25 mm) of shell 
size. For aerial shells that burst at altitude as intended, 
there is relatively little concern for safety. In the US, 
shell drift is a serious safety concern only for those 
few shells that fall back to the ground as a dud shell or 
explode as a low break. This is because the US sepa- 
ration distance is 70 feet per shell inch. Thus, for single- 
break, spherical shells, there is a small, but non-zero, 
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probability that some larger dud shells could fall be- 
yond the secured boundaries of a display site. 


There is a potential added effect for multibreak aerial 
shells that might affect the trajectory of the shell. This 
is the situation for multibreak shells with their breaks 
firmly attached one to another (in what might be de- 
scribed as conjoined multibreak aerial shells). For 
such shells, each time a shell break occurs, the explo- 
sive forces produced thereby can act to redirect the 
course of the remaining break(s). The way this might 
happen for a two-break shell is illustrated below. 
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In the first (upper left) illustration, the shell has just 
left the mortar. In the second (upper right), the shell 
has begun to drift off course. In the third (lower left), 
the first break explodes, applying a force on the re- 
maining second break, which causes it to deviate from 
the expected trajectory (lower, right). 


As with single-break shell drift, the magnitude and di- 
rection of multibreak shell drift is not predictable, but 
there is potential for the drift to be significantly greater 
than that for a single-break shell. 


AERIAL SHELL ENHANCEMENT TECHNIQUE — Any of 
several methods used to improve an aerial shell’s aes- 
thetic performance by using small, additional pyro- 
technic components. These methods fall into one of two 
categories depending on whether or not the additional 
items have been attached to the primary shell. When 
the items have been firmly attached by the manufac- 
turer, the enhancement technique is typically de- 
scribed as a rising effect (see below). When the items 
have been added by the user (e.g., a display company) 
with the items typically in a thin, plastic bag loaded 
on top of the shell after it has been loaded into its 
mortar, the enhancement technique is usually referred 
to as an augmentation effect (see further below). 
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rising effect — (Also ascending effect or trajectory 
garnishment) — Any pyrotechnic device or effect at- 
tached to an aerial shell (or rocket) that produces a 
display during the time the shell or rocket is rising in- 
to the air. Rising effects may be added by the shell’s 
manufacturer and can significantly increase the effec- 
tiveness of a shell (or flight of shells). In part, this is 
the result of the additional display(s) filling a portion of 
the sky that is normally left blank prior to the shell’s 
bursting. The added effectiveness may also be derived 
from the spectators’ anticipation of the display to be 
produced by the shell reaching the top of its trajectory. 


The most commonly used rising effects are comets, 
typically described as a tail or rising tail as in the ex- 
ample shown below. 


Photo Credit: Eldon Hershberger 


These comets are usually pumped pellets % to 2'% 
inches (19 to 63 mm) in diameter (occasionally larger) 
and usually composed of a trailing composition, often 
based on charcoal, aluminum or magnalium for spark 
production. The composition may be a solid color, a 
changing color or a strobe composition (producing a 
flashing light) as the shell rises. Comet attachment is 
most often achieved by using pasted paper that firmly 
attaches the comet to the outside of shell casing as 
shown below. 
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The red glassine paper (above) that had been covering 
the comets has been removed to facilitate viewing the 
attached comets. In use, the glassine paper is left in 
place to help protect the comet from premature ignition 
from stray sparks, such as those generated from the 
firing of shells from adjacent mortars. The glassine 
paper is readily blown or burned off as the shell is fired. 
The comet’s ignition is facilitated by the fact that it is 
well primed. 


Other effects used as rising effects include whistles, 
small Roman candles (usually only two or three 
shots), small reports and various small star shells, of- 
ten carefully timed to display in sequence, one at a 
time as the shell rises. 


A common failure of rising effects is that the effect 
becomes detached from the host shell sometime after 
the shell leaves the mortar. This can result in the 
viewer’s attention being distracted from the location 
of the main shell break, which is higher in the sky 
than the location of the separated rising effect. Secure 
attachment of a larger rising effect can be achieved 
using several methods. In some cases, a strong cord 
may be used to tie the effect(s) to the shell body. 
Some manufacturers have used copper or aluminum 
wire in place of cord. In the example shown below, a 
cord is used to secure each of the five small shells to 
the 10-inch (250-mm) shell. In addition, each of the 
small shells is glued to the large shell. The view on the 
left is as the shell was supplied with thin, glassine pa- 
per covering the small shells, clearly seen on the right. 


The fuses of the small shells will be ignited by the es- 
caping lift gases as the large shell is fired. Not clearly 
seen above, each of the five small shells has a time 
delay fuse of a progressively longer length. In this 
way, the individual shells will burst in succession as 
the large shell rises. 
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Other rising effect failures include the effect becoming 
ignited by stray sparks while still in the mortar before 
the shell fires, often resulting in the premature firing 
of the shell to which they are attached. Also, the rising 
effect may fail to ignite and subsequently fall to the 
ground unignited. 


aerial shell augmentation effect — (Also parasitic 
effect) — A method of enhancing an aerial shell’s aes- 
thetic performance using several smaller shells and/or 
mine effects that are added by the user of the shell 
(i.e., not attached by the manufacturer). These effects 
are sometimes described as parasitic effects because 
the ‘parasitic’ firework effects (e.g., small shells, mine 
stars and other small components) derived their lift 
energy from the firing of the larger ‘host’ aerial shell. 


To most effectively draw lift energy from their host 
shell, the enhancement effects must be loaded on top 
of the host shell. When the total weight of the en- 
hancement effect is modest, when compared to the 
weight of the host shell, the burst height of the host 
shell will not noticeably be reduced, and the en- 
hancement effects will reach ample height. The typical 
weight of spherical host shells and the enhancement 
firework effects used with them are presented below. 


Enhancement 
Effect 


Typical Total 
Weight 


| (oz.) | _ (9) | 


Host Shell (Spherical) 


The weights for enhancement effects range from nearly 
50% of the weight of the host for a 3-inch (75-mm) 
shell, down to approximately 10% of the weight of the 
host for a 12-inch (300-mm) shell. In part, the various 
weights of the augmentation effects correspond to the 
carrying capacity of the host shell. Because of the rel- 
atively low ratio of shell mass to projected area, a 3- 
inch shell requires a disproportionately larger lift 
charge to reach proper altitude than is required for 
larger shells. Accordingly, for the shell sizes listed, a 
3-inch host shell has the greatest proportional carrying 
capacity for enhancement effects. 


Carrying capacity notwithstanding, the varying relative 
weights for enhancement effects are the result of aes- 
thetic considerations. When a 3-inch (75-mm) shell is 


Page 21 


effectively enhanced, those augmentation effects typi- 
cally weigh approximately 3 ounces (80 g). For an 8- 
inch (200-mm) shell, near optimum results can be 
achieved with approximately 16 ounces (450 g) of en- 
hancement effects. 


To maximize the artistic effect, enhancement effects are 
properly timed and sized with respect to the host shell. 
In general, the lowest altitude and smallest effects 
should occur first, followed by higher and larger ef- 
fects, leading ultimately to the break of the host shell, 
which is impressively greater than the enhancement 
effects that preceded it. To illustrate this, consider one 
possible 4-inch (100-mm) shell set (a shell set is a host 
shell plus its enhancement effects). Upon firing, the 
shell set first produces a willow mine effect extending 
about 150 feet (45 m) into the air. This is followed 
shortly by a flurry of four small green shell breaks at 
about 300 feet (90 m). Finally, the break of the 4-inch 
bright red chrysanthemum shell occurs at about 500 
feet (150 m). The synergistic effect of the combination 
of effects produces a result that is far more aestheti- 
cally pleasing than might be expected, particularly 
when the modest added cost for the enhancement ef- 
fect is considered. How this 4-inch shell set might ap- 
pear (left) in comparison with the 4-inch shell alone 
(right) is illustrated below. 


me 
4 


—— 


AERIAL SHELL EXIT TIME — The time elapsing be- 
tween the ignition of the lift charge of an aerial shell 
and when the shell leaves the mortar. The elapsed 
times are found to vary from shell firing to shell firing, 
even for apparently identical shells. Exit time tends to 
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range from approximately 30 to 60 ms (0.03 to 0.06 
second), but shorter and longer exit times are possible. 
Somewhat surprisingly, exit times are mostly inde- 
pendent of shell size, and there even seems to be a 
slight trend for large caliber shells to exit the mortar a 
little more quickly than small caliber shells, even more 
surprising considering that large shells are fired from 
longer mortars. (See aerial shell internal ballistics.) 


Knowledge of aerial shell exit times can be important 
in understanding the nature and cause of some types 
of shell malfunctions. 


AERIAL SHELL EXPLOSION — See aerial shell burst 
mechanism. 


AERIAL SHELL FIRING PROCEDURE, MANUAL — See 
manual aerial shell firing procedure. 


AERIAL SHELL FIRING SEQUENCE - See cue list. 


AERIAL SHELL FIRING, TRADITIONAL JAPANESE — 
In Japan, there are two traditional methods for manu- 
ally firing aerial shells that do not involve the use of a 
quick match shell leader fuse. Method | is illustrated 
below. 


Typical Mortar Setup 


Shell with Handle 


Ks) Heated Coil 


2 


Charcoal Heater 
with Blower 
Used to Heat Coil 


Method No. 1 


Illustration Credit: T. Shimizu 
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Method No. 1 employs aerial shells that are made 
with a loading handle on top of the shell and a thin, 
paper-covered charge of Black Powder (i.e., the lift 
charge) on the bottom of the shell. The firing of the 
shell is accomplished by first having heated an iron 
coil to a high temperature using a small charcoal heater, 
often employing a blower to increase its temperature, 
illustrated below (1). The heated coil is loaded into 
the bottom of a metal mortar (2). Next, the shell is 
dropped into the mortar (3). Shortly after landing on 
the red-hot coil, the shell’s lift charge is ignited, to 
propel the shell upward in the mortar, and in the pro- 
cess, adding some heat back into the coil (4). After the 
shell has exited the mortar (5), it is possible to fire an- 
other shell in the same way (6). As the shells are being 
fired, the coil will cool such that there is an increas- 
ingly long delay before each succeeding shell’s lift 
charge is ignited. After several shells have been fired, 
it is necessary to remove the coil for reheating and re- 
place it with a freshly heated coil. 


Typical Mortar Setup 


Cut Time Fuse 
Immediately 
before Loading 


Method No. 2 


Illustration Credit: T. Shimizu 


Method No. 2 (above) employs aerial shells that are 
made without an attached lift charge. The shell is pre- 
pared for use by first cutting off the end of its time 
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fuse(s) to expose a fresh powder core. The process 
continues by loading a premeasured charge of Black 
Powder (i.e., lift powder) into the empty mortar (1) 
and lowering the shell into the mortar (2). Next, to 
help ensure ignition, a small additional amount of 
Black Powder is loaded into the mortar on top of and 
around the shell (3). The firing of the shell is accom- 
plished by striking a specially formulated match (i.e., 
a ‘sparky’ match), which produces a spray of sparks 
as it burns; the burning match is tossed into the top of 
the mortar (4). This ignites the lift charge to fire the 
shell (5). 


There is also a slightly modified version of this shell 
firing method, in which the firing is accomplished by 
having a shallow pan of smoldering charcoal. In this 
method, a small amount of glowing charcoal is 
brushed into the top of the mortar to ignite the lift 
charge (instead of using a sparky match). Obviously, 
to prevent the premature ignition of the lift charge for 
the next shell to be fired, there must be a sufficiently 
prolonged cool-down period between firings. 


AERIAL SHELL FUNCTIONING — See aerial shell burst 
mechanism. 


AERIAL SHELL FUSING (Bickford fuse) — Aerial shells 
are constructed with time fuse that provides a time de- 
lay from the moment the shell is fired from its mortar 
until it explodes to produce its display of light and 
sound. The fuse is ignited by the fire of the burning lift 
gas and continues to burn while the shell is coasting 
upward, until the fuse burns through to the interior of 
the shell, igniting the contents of the shell that then 
explodes. 


The traditional way of installing Bickford-style time 
fuse through the wall of a spherical shell is illustrated 
below in cross section. (The fusing of a cylindrical 
shell through its end disk is done in a similar manner.) 
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Unfortunately, this method of installation has caused 
some problems; the most serious is the tendency for 
the fuse or its attachment through the shell wall to be 
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be damaged by rough handling such as by the shell 
being dropped on its lift charge. Also, if the shell tries 
to rotate in the mortar during firing, the fuse could be 
forced against the wall of the mortar, potentially dam- 
aging the fuse and altering is normal performance. 
Similarly, the attachment point through the shell wall 
is somewhat weak and may be damaged by rough 
handling, as the fuse is forced against the mortar wall 
or simply by the high pressures that exist inside the 
mortar upon firing. One likely consequence of damage 
to the attachment of the time fuse is a fire leak of the 
burning lift gases, resulting in the shell malfunctioning 
by exploding prematurely. 


It is now common on both cylindrical and spherical 
shells to heavily reinforce the attachment point where 
the fuse passes through the shell wall by heavily 
wrapping the fuse with pasted string, as illustrated be- 
low in cross section. In some shells, a sturdy card- 
board or plastic tube is used to help protect the fuse 
from damage. This tube may be described as a fuse 
tube or fuse housing. 
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With this construction method, the problems with fuse 
and attachment damage due to rough handling and 
shell rotation in the mortar upon firing have been sub- 
stantially reduced. 


Obviously, given the important function of the shell’s 
fusing, it is critically important that it be successfully 
ignited by the burning lift gas during the few hun- 
dredths ofa second of the shell’s firing from the mortar. 
The chances of successful ignition are significantly 
enhanced if the time fuse has been primed. Often this 
is accomplished by coating the exterior end of the 
fuse with a slurry of prime made with meal powder 
(see Black Powder grade) and a binder. Fuse priming, 
with a cross-sectional view of the time fuse (left) and 
a primed fuse (right) is illustrated below. 
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As an alternative and to better ensure ignition, the 
coating of prime composition may extend beyond the 
end of the time fuse. In the priming example shown 
below, not only has the end of the time fuse been cov- 
ered with prime composition, but also a portion of the 
end of the shell (see prime ignitability). 


The priming will have a greater chance of success in 
igniting the time fuse if a greater quantity of its pow- 
der core is exposed. This might be accomplished by cut- 
ting the fuse at an angle or by splitting the fuse open for 
a short distance, as illustrated below in cross section. 
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Another traditional method to enhance successful time 
fuse ignition is to cross match the fuse by punching a 
hole through the Bickford fuse near its end and in- 
stalling a short length of black match, as illustrated 
below in cross section. 


Hole for 
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A common variation of this method of cross matching 
is to slice the time fuse longitudinally, instead of 
punching a hole through it. The cross match then is 
laid into the open slit, which is then closed by tying 
with string, as shown below. 


Also reflecting the great importance in avoiding the 
hazards of dud shells fused with Bickford-style time 
fuse, in recent years, it has become an almost universal 
practice to use redundant fusing. This is accomplished 
by installing two, or more, time fuses into the wall of 
the shell. In that way, if, for any reason, one fuse fails 
to explode the shell, the other time fuse(s) is (are) still 
available to explode the shell properly. 


For additional information about Bickford-style time 
fuse, see Bickford fuse and time fuse (fireworks). For 
information about other time fuse types, see time fuse 
(fireworks) and spolette. 


AERIAL SHELL FUSING (leader fuse) — See shell leader. 
AERIAL SHELL FUSING (spolette) — See spolette. 
AERIAL SHELL INSERT — See insert. 


AERIAL SHELL INSPECTION — The examination of 
aerial display shells for defects, after the shells arrive 
ata display site and prior to loading them into mortars. 
Often aerial shell malfunctions can be avoided by 
carefully inspecting the shells for defects before use. 
In some instances, if the required knowledge, time 
and materials are available, an appropriate repair can 
be accomplished at the display site. Because this shell 
inspection and the possible repairs may take substantial 
time to complete, aerial shell inspection should be per- 
formed several hours before the planned starting time 
of the display. Typically, the aerial shell inspection 
includes the following items: 


Look for leaking lift charge: Even a small deficiency of 
lift charge will mean that the aerial shell will not 
reach its full height before functioning. A somewhat 
greater loss of lift charge could allow the shell to fall 
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to the ground before exploding. A substantial loss of 
lift charge could allow the shell to remain in the mortar 
where it will then explode. The inspection of the lift 
charge should include three things. First, visually ex- 
amine each shell for currently leaking Black Powder 
lift charge, shown below. 


Second, feel the bottom of each shell for the actual 
presence of lift charge, as shown below. (It is possible 
that the shell had already lost its entire lift charge, or 
it might never have had a lift charge installed by the 
manufacturer.) 


Third, as an added check, look in the bottom of the 
shipping carton for the presence of loose powder. If 
any is found, recheck all shells to confirm that a leaking 
or totally leaked shell has not been missed during the 
shell inspection. 


If lift charge has been lost from any shell, repair should 
not be attempted in the field, and the shell should not 
be used. It should be returned to the supplier. 


Confirm the correct fit of the shell: The proper fit of an 
aerial shell in its mortar is important in helping to en- 
sure that the shell fires properly. If the gap between 
the shell and the mortar wall is too wide, the shell will 
not reach its full height before functioning. If the gap 
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is too small, an added strain will be produced on both 
the shell and the mortar, either of which could fail as a 
result. Finally, if the fit is snug, it may not be possible 
to load the shell so that it slides completely to the bot- 
tom of the mortar in preparation for its firing. A proper 
fit is shown below. 


It is frequently said that the fit should be one that is 
close but freely sliding, as shown above. A more quan- 
titative guide is that for 3 to 6-inch (75 to 150-mm) 
shells, the difference in the diameters of the shell and 
mortar should be between 4 and -inch (3 and 6 mm); 
for 8 to 12-inch (200 to 300-mm) shells, the difference 
in the diameters of the shell and the mortar should be 
between 4 and 4 inch (6 and 12 mm). 


Mortars of the same nominal size will be found to 
have a range of actual inner diameters, especially for 
mortars made of different materials. If any shells do 
not have the proper clearance for the available mortars, 
those shells should not be used. 


Confirm that the shell leader fuse is attached to the 
top of the shell: Spherical aerial display shells, up to 
approximately 6 inches (150 mm), are loaded into their 
mortars, by holding the shell leader fuse. If the shell 
leader is not properly attached to the top of the shell 
(as shown below), the shell might possibly be loaded 
upside-down (especially at night and when in a rush, 
such as during a manually-fired display with reloading). 
This shell leader fuse inspection consists of simply 
verifying that the aerial shell suspender is intact and 
that the shell leader passes through the suspender loop. 
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If the suspender loop is damaged (as shown above) or 
absent, it can usually be adequately repaired at the 
display site. (See repairing aerial shell leader.) 


Confirm the presence of a lowering cord on large 
shells: Larger spherical aerial shells, typically those 


greater than 6 inches (150 mm), have a cord or light 
rope attached (as shown below) that is used to lower 
the shell into its mortar for firing. Such shells typically 
are too heavy to be supported by the shell leader, 
without a significant possibility of damaging the shell 
leader or its attachment to the shell. This inspection 
consists of simply verifying that the cord is present 
and that it is securely attached to the top of the shell 
(as shown below). 


If the lowering cord is not present, a repair can be 
made by tying a length of cord or light rope to the 
aerial shell suspender loop on top of the shell. 


Confirm that the shell leader_is in good condition: 
Damage to the quick match shell leader can produce a 
range of malfunctions. For manually fired shells, the 
shell leader should be examined to confirm that: 
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e The safety cap is present. 


The delay element at the end of the quick match is 
present and in good physical condition. 


e The black match delay element (if that is what is 
used) is sufficiently long to provide time to retreat 
after igniting (typically at least 3-inches, 75 mm). 


The length of the shell leader itself is sufficiently 
long to allow the shell to rest on the bottom of the 
mortar with approximately 6 inches (150 mm) ex- 
tending above the opening of the mortar. 


e There are no tears in the match pipe of the shell 
leader. 


e There is no other obvious damage to the shell leader. 


Information about the nature and consequences of 
these potential shell leader defects and their possible 
repair are discussed elsewhere. (See shell leader defi- 
ciency and repairing aerial shell leader.) 


Confirm that the shell has not been structurally dam- 
aged: An aerial shell that is dented (as shown below) 


or otherwise damaged may not have sufficient struc- 
tural strength to withstand the powerful forces experi- 
enced during its firing. The forces are the result of the 
shell experiencing a peak acceleration of 500 to 2000 
times that due to gravity. A shell that is cracked, or 
that cracks during firing, is likely to explode prema- 
turely. This happens when hot gases from the burning 
lift charge leak into the shell and ignite its contents. 


No effective field repair is possible for a shell that has 
been physically damaged. The shell should be re- 
turned to the supplier for disposal. 


Confirm that the shell has not been water-damaged: 
Evidence of water damage will most often take the 


form of non-uniform coloration of the leader fuse or 
shell, as shown below. Even if the water damage has 
not been sufficient to substantially weaken the struc- 
tural integrity of the body of the shell, and even if the 
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exterior of the shell feels completely dry, serious 
problems may persist. For example, the time fuse may 
remain damp, leading to a hangfire or a dud shell. The 
components in the shell may be damp or otherwise 
have deteriorated to such an extent that a substantial 
amount of burning debris will fall to the ground. 


been moisture-damaged. The shell should be returned 
to the supplier for disposal. 


AERIAL SHELL INTERNAL BALLISTICS — Based on a 
combination of physical measurements, high frame- 
rate videography and calculations, it is possible to es- 
tablish the time sequence for aerial shell firing. An 
example of the firing of a reasonably typical 8-inch 
(200-mm) spherical shell is illustrated below as a se- 
ries of five illustrations and as graph presenting both 
the internal mortar pressure and the displacement of 
the aerial shell within the length of the mortar as a 
function of time. 


Pressure (psi) 
Displacement (ft) 


0 10 20 30 40 
Time (ms) 
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The initiating event (and time zero) in the sequence is 
the moment of ignition of the shell’s lift charge. (Not 
shown above.) 


It requires approximately 7 ms (0.007 s) for the fire to 
propagate through the lift charge and to produce suffi- 
cient flame to reach the top of the aerial shell, roughly 
corresponding to illustration 1. At this time, corre- 
sponding to point 1 in the graph, there has been no 
measurable pressure increase in the bottom of the 
mortar and the shell has not started to rise in the mortar. 


After approximately another 10 ms, flame will be 
seen to begin to exit the top of the mortar. At this time, 
a measurable pressure increase has just started below 
the shell in the bottom of the mortar, but the shell has 
not yet begun to move because the downward force 
acting on the shell due to gravity still exceeds the up- 
ward force on the shell from the lift gas beneath it. 
(See 2 in the illustrations and on the graph.) 


After approximately another 2 ms, the pressure under 
the aerial shell has increased to the point where the 
upward force produced by the lift gas now equals the 
downward force due to gravity. Flame (i.e., burning 
lift gas) is now clearly seen above the top of the mortar 
and definitely is capable of igniting any rising effect 
or other shell augmentation effects (see aerial shell 
enhancement technique). The shell has still not begun 
to move upward at this time. (See 3 in the illustrations 
and on the graph.) 


After approximately another 5 ms, the lift gas pressure 
below the aerial shell has reached its maximum. At 
this point, the shell is undergoing its maximum accel- 
eration but has only traveled approximately 12% of 
the way up the mortar. (See 4 in the illustrations and 
on the graph.) 


After approximately another 7 ms, the lift gas pres- 
sure has fallen to about 40% of its peak value and the 
aerial shell has nearly reached the top of the mortar. 
There are two main reasons for the pressure in the 
mortar to have fallen from its peak value. First, the 
aerial shell is now traveling up the mortar at a great 
speed, which produces a rapidly increasing volume 
under the shell into which the lift gas is expanding. 
Second, the rate of lift gas production has decreased 
because of a significant decrease in the surface area of 
the burning Black Powder lift charge. (See 5 in the il- 
lustrations and on the graph.) 


After approximately another 2 ms, the aerial shell exits 
the mortar (not shown in the illustration). At this time, 
the aerial shell is traveling nearly 500 feet per second 
(150 m/s), which is approximately 340 miles per hour 
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(540 km/hr). The pressure in the mortar then falls 
slightly more rapidly back to atmospheric pressure. 


The total firing time for this aerial shell was approxi- 
mately 33 ms (0.033 second). This firing time is on 
the low end of the range of times observed for exiting 
aerial shells. Correspondingly, the muzzle velocity of 
the shell is on the high end of the range for aerial shells. 
These results are near the limits of their expected 
ranges partially because the HDPE (high-density poly- 
ethylene) mortar used in this testing was somewhat 
under size, as is often the case for HDPE mortars. 


AERIAL SHELL, LARGEST -— See firework, largest. 
AERIAL SHELL LEADER — See shell leader. 


AERIAL SHELL LEADER DEFICIENCY — See shell 
leader deficiency. 


AERIAL SHELL LEADER REPAIR — See repairing aerial 
shell leader. 


AERIAL SHELL LIFT CHARGE WEIGHT — The amount 
of Black Powder used as lift charge to propel an aerial 
shell into the air depends on many factors. These in- 
clude the weight of the shell, the closeness of fit of the 
shell in the mortar and the quality of the lift charge. 
Assuming high quality Black Powder is used for the 
lift charge, and typical values are used for the other 
parameters, the approximate amount of lift charge used 
for single-break shells is presented below. 


Typical Lift Weight 
Shell Size 


Eee 


Typically, the granulation (i.e., particle size) of the 
Black Powder used as lift charge for cylindrical shells 
and spherical shells is different. US manufacturers 
typically use 2FA powder for the lift charge of cylin- 
drical shells and 4FA powder for spherical shells. (For 
information about Black Powder granulations, see 
Black Powder grade.) 


AERIAL SHELL LOADING PROCEDURE — See manual 
aerial shell loading procedure. 
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AERIAL SHELL MALFUNCTION — The performance of 
an aerial shell in a manner other than intended or de- 
sired. An aerial shell can malfunction for many reasons. 
Some malfunctions can be caused by design or manu- 
facturing defects; others can be caused by inappropriate 
storage, handling or use. A diagram of the proper 
functioning and some safety related malfunctions of 
aerial shells is presented below. The central vertical 
column (green) describes a properly functioning aerial 
shell, whereas the columns to the right and left (pink) 
very briefly describe various malfunctions. For de- 
tailed information about the about these malfunctions, 
see their specific entries. 


Load Shell 


Nothing Happens 


Vv 


Ignite 
Sheil = ae 


v 
Shell Breaks 
Normally 
at Altitude 


v 
All Components 
Are Consumed 
at Altitude 


NORMAL 
FUNCTIONING 


Safety related malfunctions include premature ignition, 
hangfire, misfire, flowerpot, shell detonation, muzzle- 
break, dud shell, low break, burning debris falling to 
the ground and dud components. When proper proce- 
dures are followed, only a few of these malfunctions 
should be significantly likely to cause injury to the 
crew firing manually, and essentially none of the mal- 
functions should be likely to cause injury to a spectator 
or to a crew firing electrically. 


AERIAL SHELL MANUAL FIRING SEQUENCE — The 
series of events during the manual firing of an aerial 
shell. The process begins with loading an aerial shell 
into a properly placed mortar. (See manual aerial 
shell loading procedure and separation distance 
(firework display).) For a manually-ignited shell, the 
next step is to remove the safety cap on the aerial 
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shell leader and ignite the tip of the delay element on 
the shell leader, illustrated below in cross section (1). 
The burning of the delay element typically requires 2 
to 6 seconds and provides an opportunity for the person 
igniting the shell to retreat safely a short distance from 
the mortar. Once the burning delay element reaches the 
quick match portion of the shell leader, fire is quickly 
brought to and ignites the /ift charge (2 and 3). Burning 
the quick match portion of the shell leader typically 
requires approximately 0.3 second. 


(1) (2) (3) 


With the burning of the Black Powder lift charge, 
pressure quickly builds under the aerial shell, forcing 
it to rise in the mortar (illustrated below, 4). 


aN fe 
FINN 


Shell Explodes 


(4) (5) (6) 


The burning gas from the lift charge also ignites the 
time fuse of the aerial shell. It typically requires from 
30 to 60 milliseconds (0.03 to 0.06 s) for the shell to 
exit the mortar after ignition of the lift charge. (See 
aerial shell internal ballistics.) After leaving the mor- 
tar, the aerial shell coasts upward with its time fuse 
continuing to burn (5). After approximately 2.5 to 7 
seconds, depending on the size of the shell, the time 
fuse burns through to the interior of the shell. (See 
aerial shell pre-fire time.) As soon as the burst charge 
is ignited, fire spreads rapidly throughout the interior 
of the shell, igniting the contents of the shell and pro- 
ducing gas pressure. Once the internal pressure ex- 
ceeds the burst strength of the shell casing, the shell 
explodes (6), which is the result of a mechanical ex- 
plosion (See explosion type, basic (mechanical)) of the 
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shell casing. In the course of exploding (i.e., bursting), 
the burning contents of the aerial shell are disseminated 
to make a display of color and light. (See aerial shell 
burst height and aerial shell burst spread.) 


An historical example of the firing of an aerial shell, 
where M is the mortar and K is the exiting shell with 
its time fuse (i.e., a spolette fuse) having been ignited, 
is illustrated below. 


Illustration Credit: Bate (1654) 
AERIAL SHELL MASS - See aerial shell weight. 


AERIAL SHELL MUZZLE VELOCITY — See muzzle ve- 
locity. 


AERIAL SHELL NAME AND DESCRIPTION (general)—A 
general discussion of the nature of, and problems with, 
aerial shell names and descriptions. Following this en- 
try, another more specific entry briefly defines some of 
the many specific shell names and descriptive terms. 


Older firework catalogs have long made use of elabo- 
rate and often flowery descriptions of aerial shells. 
For example, a shell containing green stars might have 
been named Green Apple Tree in the Spring, or a shell 
containing variegated (i.e., multiple-colored) stars may 
be named Garden of Beautiful Flowers. On occasion, 
such names may make an impression on a novice 
buyer or the sponsor ofa display, who knows relatively 
little about fireworks. It is doubtful that such descrip- 
tions favorably influence an experienced firework 
buyer and in fact may discourage the buyer because it 
is not clear how the shells will perform. 


While Chinese manufacturers have a long tradition of 
the use of flowery, fanciful, bizarre and even enigmatic 
names for their fireworks, US firework catalogs from 
the 1960s and before can also be found to contain fan- 
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ciful shell names. Some examples are Mellow Moon- 
light, Prismatic Torrents, Pigeon Blood Ruby, Arctic 
Scintillator, Love in the Mist, Break O’Day, Carnival 
and Maiden Blush. 


Some catalogs of that period provided additional de- 
scriptive phrases, designed to explain the uninformative 
names; many of these were equally flowery and pro- 
vided precious little information. For example, a 3-inch 
shell named Jewels in the Nite was said to produce 
“showers of sparkling, scintillating, red fires illumi- 
nating the entire country side”. Another example is 
Celestial Shell that is described as “‘stars of liquid green 
terminating with rays of forked radium lightning”. 


Shell descriptions that do not provide sufficient in- 
formation, make it especially difficult to plan the de- 
tailed choreography of a well-designed display. To 
make matters worse, the names of shells are not al- 
ways used in a consistent manner from year to year, 
even from the same manufacturer. 


With regard to safety, poorly detailed shell descriptions 
can even get a pyrotechnist into trouble, such as when 
a pyrotechnic parachute shell is not labeled clearly as 
containing a parachute. There are sites and weather 
conditions that can make parachute shells with at- 
tached pyrotechnic effects quite unsafe to use. 


Shell descriptions (especially those of the past) are too 
often characterized by misleading or simply incorrect 
descriptions, sometimes simply because of the lack of 
punctuation. For example, a shell named Red Glitter 
contained two kinds of stars, red stars and glitter stars. 
There are no truly red glitter stars other than perhaps 
married stars (see star manufacturing), which are sel- 
dom used. A shell named Silver Glitter and Red may 
be accurately named. There are silver glitter stars, so 
that the shell may contain two kinds of stars, silver 
glitter stars and red stars. On the other hand, that shell 
might contain three types of stars: silver stars, glitter 
stars (either silver glitter or gold glitter) and red stars. 
Accordingly, one could not be sure from the shell 
name precisely how the shell would perform. 


This shell-naming problem does not carry over with 
the descriptive term crackle. This is because crackle 
stars can be made by incorporating tiny crackling 
granules (i.e., a type of microstar) into the mass of 
almost any star. Thus, crackle stars may be of any 
color, and both purple crackle and green crackle are 
potentially accurate descriptions. 


As a form of shorthand, a slash is often included in 
commercial shell names. For example, a shell de- 
scribed as Red/White/Blue w/Fusillading, would be 
understood to mean a shell with red, white and blue 
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stars with a series of reports (or shots). As an even 
more extreme shorthand, the same shell might have a 
description of R/W/B/Reports. Confusion may still re- 
sult, because Red/White/Blue or R/W/B may some- 
times mean that the stars are color-changing stars (dis- 
cussed below). 


If a description uses the preposition ‘to’ it implies a 
color changing effect. A description of Red to Green 
means stars initially burn with a red flame that will, 
after a second or two, change to burn with a green 
flame. Sometimes as many as three, or even four, star 
colors may be produced by individual color-changing 
stars. The number of color changes occurring is typi- 
cally confused with the number of colors displayed. 
For example, in a description sometimes used for a 
shell with stars that change color one time (e.g., from 
red to green) the phrase twice changing may be used, 
and stars that change color two times (e.g., from red 
to green to white) the phrase thrice color changing 
may be used. 


Today and in the recent past, shell size is almost ex- 
clusively given as the inside diameter of the mortar 
from which the shell is intended to be fired. Thus, in 
the US, a 3-inch (75-mm) shell is approximately 2.7 


inches (68 mm) in actual 

diameter and is intended to 
fire safely from a 3-inch ID 
mortar. In much of the rest 75 | 
of the world, shell sizes are ! 
specified in millimeters. As 
the US market is so vast, 
and because much of the rest 
of the industrialized world 
once used Imperial (i.e., 
English) units, most shells 
for use in countries using SI 
(i.e., metric) units still cor- 
respond to shell sizes in 
inches. Approximate shell 
size equivalents are present- 
ed at the right. 


a) Rounded down to 
the nearest 5 mm. 


b) Rounded down to 
the nearest 10 mm. 


In the past in the US, shell sizes were sometimes de- 
scribed by the mortar’s internal circumference, rather 
than its diameter. For example, a 3-inch shell was la- 
beled as 9-inch shell and a 4-inch shell was labeled as 
12-inch shell. This misleading practice was largely 
discontinued in the 1960s and is no longer allowed by 
NFPA-1123 (the current US standard for firework 
displays). 


Within shell descriptions, there may be references to 
large numbers, such as hundreds or thousands, when 
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describing the shell’s performance. For example, one 
may find descriptions such as a Hundred Bees, Hun- 
dreds of Flowers or even a Thousand Blooming Peo- 
nies. These numbers must not be taken literally and 
should be understood to simply mean many or a sub- 
stantial number. 


While elaborate shell descriptions were more common 
in the past, one still occasionally finds long and some- 
times difficult-to-interpret descriptions. A recent ex- 
ample of such a description for a 10-inch (250-mm) 
Japanese shell is a “bouquet of red and green flowers 
and thousand flowers and million thunders and blue 
chrysanthemum with encircled dews with silver tail”. 
Itseems likely that this long description suffers mostly 
from problems in translation rather than deliberate at- 
tempts to mislead. 


AERIAL SHELL NAME AND DESCRIPTION (specific) — 
This especially long entry contains many of the aerial 
shell names and descriptive terms commonly found in 
recent display firework shell catalogs, along with brief 
definitions as used in that context. Some of these 
terms are also used to describe the performance of 
other (non-aerial shell) fireworks. 


When an initial boldfaced term is italicized, more- 
detailed information is located elsewhere in this dic- 
tionary in a separate entry by that name (TERM). When 
a non-bold-faced term is italicized, limited additional 
information is included elsewhere within this entry. 


announcement salute and announcement bomb 
— (Also sound signal and in the UK, announcement 
maroon) — An aerial salute, so named because it is 
used shortly before or at the very start of a firework 
display, thus announcing the start of the display. 


artillery shell— An aerial shell containing a collection 
of salute inserts (or shots), which often explode at 
specific intervals, sometimes with a single final salute 
that is louder than the others. 


atomic pattern shell — A pattern shell in which 
three or more intersecting rings of stars are formed at 
angles to each other (i.e., in three different planes) to 
produce a pattern resembling the common depiction 
of the structure of an atom. 


battle in the clouds shell — A traditional name for a 
shell that produces a standard shell break, usually 
with a display of stars, followed by multiple reports 
timed to explode in rapid succession, producing a din 
of small aerial reports. 


bee — A small, self-propelled device producing a trail 
of sparks, colored flame or both, usually while pro- 
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ducing a humming sound (essentially small hummers 
with short burn times) 


bee shell — An aerial shell that contains self- 
propelled inserts; the inserts may be small serpents, 
hummers or self-propelled stars, which typically pro- 
duce a buzzing sound reminiscent of bees. 


beraq pront — See rondelle shell and Maltese fire- 
work term. 


bomb or bomb shell — Obsolete terms for an aerial 
shell, or possibly describes salutes or salute inserts. It 
is often used with an adjective such as aerial, an- 
nouncement, whistling or ground. 


bombette — (diminutive of bomb) — A small star 
shell used as an insert in a larger aerial shell or as a 
projectile in a large Roman candle. 


bottom shot — A salute (typically a powerful salute) 
that is the final break of a multibreak aerial shell. The 
first burst typically occurs during the shell’s ascent 
(near its apogee). Subsequent bursts continue until the 
last burst (i.e., bottom shot), which is usually at the 
lowest (i.e., bottom) of the vertical sequence of aerial 
shell bursts. The bottom shot is so-called because it is at 
the bottom end of atop-fused multibreak cylinder shell, 
as the shell is oriented in the mortar before its firing. 


bouquet — An array of aerial shell bursts, often of dif- 
ferent colors, all close to one another in time and space, 
to simulate the appearance of a bouquet of flowers. 


bow-tie shell — An aerial shell burst that projects 
stars from each half of the shell projecting stars in op- 
posite directions in a manner that gives the impression 
of a bow tie (apparel). 


break — The effect produced by the bursting (i.e., ex- 
ploding) of an aerial shell. A shell may produce one 
break (described as a single-break shell) or more than 
one break (described as a multibreak aerial shell). 
The term break is also commonly used to describe the 
individual physical units that are linked together to 
form a multibreak shell. 


brilliant—(Also illumination) — Describing a brighter 
than the usual or expected effect. 


brocade effect — Stars burning to produce a long- 
duration trail of sparks that may be white or yellow to 
orange, or a combination of these. The term is derived 
from the name of a cloth woven with a raised pattern, 
originally of gold and silver threads. 


brocade kamuro shell — A kamuro shell with stars 
producing a brocade effect. 
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butterfly shell — A pattern shell appearing like the 
outline of an open-winged butterfly, often with wing 
spots and antennae, or sometimes a bow-tie shell that 
somewhat resembles the shape of a flying butterfly. 


cascade — An aerial shell often containing white or 
colored insert shells that are timed to burst in succes- 
sion as they descend from the point of the primary 
aerial shell break. The stars of the inserts usually burn 
to produce dense tails and create an effect somewhat 
resembling a waterfall in the sky. Alternatively, a cas- 
cade shell may be a simple soft breaking shell produc- 
ing especially long-tailed white or orange stars that 
produce the effect of an aerial waterfall. 


charcoal-aluminum effect — A firefly effect or 
transformation effect. 


chrysanthemum shell — A spherical, hard-breaking 
aerial shell, symmetrically dispersing stars that pro- 
duce a spark trail as their first or only effect, somewhat 
resembling a chrysanthemum flower. The term chry- 
santhemum may sometimes be used to describe a star 
composition producing an orange trailing spark effect. 


coconut tree shell — See palm tree shell. 


color and report shell — A multibreak aerial shell 
consisting of two breaks, the first of which contains 
colored stars, (i.e., a color shell), and the second is a 
salute. The salute may be referred to as a heavy salute 
or a bottom shot. 


color-change relay — (Also dark fire or dark fuse) — 
A layer of composition that allows stars to remain 
substantially unseen until that layer of composition is 
burned through and an underlying color or spark- 
producing layer is ignited. 


color-changing star — A star that changes color dur- 
ing its burning. 


color shell — A single-break aerial shell (or a single 
break of a multibreak shell) that contains only stars of 
one or more colors. In this context, comet stars may 
be considered to be the same as colored stars. A color 
shell contrasts with an insert shell, which principally 
contains insert devices such as salutes, hummers or 
serpents. 


comet — A relatively large, spark-trailing pellet of 
composition. Comets are usually dispersed by an aerial 
shell break, but a single comet may be projected from 
a mortar or it may appear as a rising effect attached to 
the outside of an aerial shell. When smaller stars pro- 
duce a trail of sparks, those stars may be described as 
comet stars or as stars that produce a comet effect. 
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comet shell — (An ambiguous term) — Most often an 
aerial shell containing relatively large comet stars that 
burn to produce long spark trails. It may also be a single 
large pellet of comet composition (not actually a shell) 
that is discharged into the air directly from a mortar. 
Because such large comets appear superficially like a 
conventional aerial shell, they are sometimes de- 
scribed as a comet shell (also as a stickless rocket). In 
addition, a spherical shell having its exterior coated 
with a thick layer of tailing comet composition may 
also be described as a comet shell (or as a figer-tail 
shell). Finally, a conventional cylinder or spherical 
shell having an attached comet (as a rising effect) may 
also be described as a comet shell. 


comet, crossette—(Also split-comet or splitter comet) 
— An exploding comet (or star) that produces frag- 
ments that may crossover each other upon exploding. 
Crossette comets may be components of aerial shells, 
mines, rockets or roman candles, or they may be large 
comets individually projected from mortars. 


compartment shell — A star shell in which internal 
dividers (usually made of paper or plastic) separate 
stars of differing types into well-isolated regions or 
compartments in the shell. Upon the bursting of the 
shell, the stars occupy distinctly different portions of 
the overall visual display. 


component and component shell — See insert and 
insert shell. 


crackle effect — (Also crackling) — Small explosions 
produced from granules (i.e., crackling microstars) 
incorporated into a star composition or included indi- 
vidually within an aerial shell. As an alternative, the 
crackle effect may be accomplished by using small 
cores in the center of spherical stars that explode at 
the end of the star’s burning. 


crisscross shell — An aerial shell containing many 
French split comets. 


crossette — See comet, crossette. 


cross shell — (Also holy cross shell) — A pattern shell 
containing four large comets that are dispersed in the 
pattern of an X or +. 


crown chrysanthemum — A _ moderately long- 
duration, spherically symmetric display of spark- 
trailing stars, usually terminating with a brief period 
of colored fire. In crown aerial shells, the trajectory of 
the stars usually begins to droop (i.e., arch over, under 
the influence of gravity)noticeably before they burn out. 


Some manufacturers may refer to aerial shells produc- 
ing this same effect as a diadem shell; the term diadem 
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is more commonly used when the stars are relatively 
few and burn exceptionally bright (i.e., with an illu- 
mination effect). 


dahlia shell — An aerial shell displaying especially 
bright stars, usually projected asymmetrically from a 
soft break. 


dark — Describing an effect that produces significantly 
less than the typical amount of light while burning. 


dark fire or dark fuse — See color-change relay. 


dark salute — (Also dark report) — An explosion 
produced using a composition that does not generate 
the bright flash of light characteristic of flash powders. 


daylight shell — Any aerial shell designed to be fired 
and viewed in bright or modest light, or that does not 
suffer from being viewed in daylight. Examples of 
daylight effects include salutes, artillery shells, whistle 
shells, smoke chrysanthemum shells, dragon shells 
(both smoke and illumination), shells with inserts that 
produce sound or smoke effects and parachute shells 
that present flags, streamers or paper cutouts of familiar 
objects. 


diadem shell — See crown chrysanthemum. 


double-break shell and double-bubble shell — 
See multibreak aerial shell. 


dragon egg shell — A shell dispensing many small, 
crackling or exploding stars (i.e., microstars) that re- 
sult in a myriad of delayed crackling and explosive ef- 
fects. Dragon egg shells may contain larger stars that 
incorporate microstars imbedded into their composi- 
tions, or simply contain many loose well-primed mi- 
crostars. 


dragon shell — A parachute shell that displays one or 
more brightly colored flares or smoke cartridges sus- 
pended from a parachute. The device attached to the 
parachute often takes a spiral trajectory as it functions 
and descends. 


draw-out shell — A double-break aerial shell; the 
first break consists of colored stars and typically four 
timed salutes (shots), and the second break consists of 
stars and a single powerful salute producing a signifi- 
cantly louder report (i.e., a bottom shot). 


dump break — See soft break. 


dump shell — Any aerial shell designed so that the 
ignition of the contents results in the shell opening 
relatively weakly, with the contents simply spilling 
out of the shell and falling without being propelled. A 
dump shell results in an asymmetric burst with the ef- 
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fects not being dispersed widely from the shell. Aerial 
shells containing parachute devices and some shells 
containing illumination effects, inserts and shell of 
shells are designed as dump shells. 


electric — Describing a star effect that somewhat re- 
sembles an electrical short in a high voltage circuit. It 
is an especially bright effect and throws off secondary 
sparks and may produce a sizzling or crackling effect 
in the process. 


electric storm — See thunder shell. 


encircled dews — (Also encircling dews) — An aerial 
shell dispersing stars that end their burning with a 
bright white flash of light, somewhat simulating drops 
of dew hanging from the tips of leaves. 


enveloped star — A cylindrical star that has been 
wrapped in a layer of paper. This prevents its ignition 
except on one or both ends, to thus extend the dura- 
tion of its burning, similar to a pillbox star. 


falling leaves — Long-duration stars fashioned in a 
manner that slows their rate of descent, to produce an 
effect that descends slowly and for an extended time. 


fancy — A term used to imply the use of somewhat 
special compositions or effects, such as glitter effects, 
color-changing stars, specialized inserts or illumina- 
tion stars. 


farfalla— (Italian for ‘butterfly’)— An insert producing 
an especially wide, dense trail of sparks. 


firefly effect — (Also charcoal-aluminum effect or 
transformation effect) — A star composition producing 
persistent orange (i.e., carbon-based) sparks that tran- 
sition to a mixture of orange and white, or just white 
(i.e., aluminum-based) sparks. 


fish -—Self-propelled inserts (not significantly different 
from serpents) that produce a trailing spark effect. 


flare — A case charged with a brightly burning com- 
position, usually used when suspended from a para- 
chute, which allows the flare to remain in the air for 
an extended time. 


flare moon — See moon. 


flash — Describing a sudden display of bright light 
lasting less than a second, often produced by a type of 
flash powder or a strobe effect. 


flashing — A series of light pulses, produced either 
from a collection of individual devices or from com- 
positions creating strobe effects (or sometimes glitter 
effects). 
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flat chrysanthemum shell — A pattern shell princi- 
pally producing a single ring of spark-trailing stars 
that results in a 2-dimensional (1.e., flat) display. 


flickering — A term sometimes used in place of twin- 
kling. 


flitter effect — An effect producing dense, long- 
duration white spark trails from stars or a dense spray 
of white sparks from a fountain. 


flower — The effect produced by a colored star shell 
of any size (whether spherically symmetric or asym- 
metric) or by an insert shell in a larger shell of shells. 


French split — (Also crisscross or shooting comet) — 
An effect created by an insert that has two stars fitted 
into a tube and that explodes by propelling the pair of 
stars in opposite directions. When many inserts explode 
at nearly the same time, it gives the collective appear- 
ance of the stars crossing paths (i.e., crisscrossing). 


fusillading — A series of salutes producing an effect 
resembling a rapidly repeating gunfire. 


gamboge — (Usually used as reddish gamboge) — The 
effect of stars burning to produce a brief period of yel- 
lowish-orange spark trails. This star effect is achieved 
using a thickly applied layer of a special, spark- 
producing prime composition. The effect then usually 
changes toa colored star. (The term is most commonly 
used in descriptions of star shells from Japan.) 


glitter — (Also scattering flashes and tremolante) — An 
effect producing a continuing series of white or yel- 
low flashes of light produced by droplets of reacting 
liquid. These flashes are far more numerous (but less 
bright) than those produced by strobe effects or mi- 
crostars. 


go getter — (Also scrambling comet or scattering 
comet) — Vigorously self-propelled inserts commonly 
burning with bright colors (often red or green) without 
producing a significant trail of sparks. 


gold — The color yellow or orange as applied to 
sparks or stars. Such use is most appropriate when 
those colors are brighter than usual. 


hailstorm shell — See titanium salute. 


half-and-half shell — A pattern shell in which one- 
half of its spread of stars produces one color and the 
other half produces a contrasting color. 


hammer shell — An insert shell that contains either a 
series of colored star and salute inserts timed to break 
alternately or a series of rhythmically timed salutes. In 
either instance, the performance is often completed 
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with a louder salute (i.e., a bottom shot) at the end of 
the series. 


happy face shell — See smiling face shell. 


hard break — An aerial shell bursting powerfully to 
disperse its contents widely. Chrysanthemum and peo- 
ny shells have hard breaks. 


heart — Either a dense core of stars of contrasting 
color in the center of a much larger spherical display 
of stars or a pattern shell that displays the shape of a 
valentine heart. 


heavy — An adjective used to describe a powerful or 
large salute (e.g., heavy report). 


holy cross shell — See cross shell. 


howling — Usually refers to whistles, often a single 
whistle, used as a rising effect. 


hummer — A self-propelled insert that spins fiercely 
along its longitudinal axis to produce a distinctive 
humming or buzzing sound; the insert usually also 
produces a trail of sparks. 


hummingbird shell — An insert shell containing 
several hummers. 


illumination — See brilliant. 


insert — (Also component) — A separate device used 
as a component within an aerial shell. The insert is 
dispersed by the bursting of the shell and proceeds to 
act as part of the overall display. Inserts may be small 
aerial shells (1.e., bombettes), salutes (i.e., shots), 
whistles, tourbillions, serpents, hummers, or a variety 
of other tube devices. (Note: stars are not considered 
to be inserts). 


insert shell — (Also component shell) — An aerial 
shell containing inserts, possibly in addition to stars. 


intersecting rings shell — A pattern shell consisting 
of two or more circles of stars (i.e., rings) that inter- 
sect (1.e., cross) in space. 


kaleidoscope shell— A multicolored (i.e., variegated) 
pattern shell, where two or more colors of stars ap- 
pear in pairs that are approximately opposite each 
other in the pattern. 


kamuro shell — A Japanese term for a spherical aerial 
shell in which trailing stars continue to burn after they 
begin to droop substantially at the end of their trajectory 
under the effect of gravity. The stars sometimes con- 
tinue to burn for an extended time, reaching most of 
the way to the ground. 
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kowarimono shell — A Japanese term for a medium, 
hard-breaking spherical aerial shell. Crown chrysan- 
themum and kamuro shells are two examples of ko- 
warimono shells. 


lampare — (Also lampari) — An aerial shell that es- 
sentially combines a salute and a container of flam- 
mable liquid (ora flammable solid such as naphthalene 
flakes mixed with Black Powder). When functioning, 
it produces an aerial display like that of a ground gas 
mine special effect, but high in the air. 


light — A brightly colored or white flare suspended 
from a parachute and burning for an extended time. 
This effect is often combined with a display of rela- 
tively low-light emitting stars, such as lampblack or 
golden streamers. If the flare is white, it may be de- 
scribed as a moon. 


magnesium — (Often abbreviated as mag) — Stars 
that burn especially bright; the stars may not actually 
contain magnesium, but instead, contain aluminum or 
magnalium. 


maroon — A term, now seldom used in the US, for an 
aerial salute. Originally, these items were filled with 
Black Powder and were made using very strong casings 
that were heavily wrapped (i.e., spiked) with cord. 


microstar — Tiny granules of composition commonly 
producing either a small number of strobe flashes or a 
crackle effect. Microstars may be used separately 
(usually in large number) or they may be incorporated 
in larger stars or comets. 


moon — (Also flare moon) — A bright flare, usually 
white, that is suspended from a parachute that remains 
visible for a long time after an ordinary shell burst. 


multibreak aerial shell — (Also multiple-break shell) 
— An aerial shell producing more than one major, dis- 
tinct break (i.e., shell burst). This is accomplished by 
assembling (i.e., stacking) several single-break shells 
into a single, combined unit. Multibreak shells are 
commonly designated by the number of breaks they 
have, for example, a double-break shell has two breaks. 
Further, if the single-break shells are spherical, the 
multibreak shell may be described as a peanut shell. 


mystic magic arching transformation shell — 
An American term for a kamuro-like shell using stars 
producing an especially long-duration firefly effect. 


octopus shell — A symmetrical, hard-breaking aerial 
shell usually containing eight long, trailing comets 
and a central burst of colored stars. The shell is simi- 
lar to a spider shell except that it contains a central 
colored burst from which the spark trails (representing 
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tentacles or arms) radiate outward to appear some- 
what like the body of an octopus (the marine animal). 


oscillating — (Also oscillatory) — See strobe effect. 


palm tree shell — An aerial shell producing a sym- 
metrical break of relatively few large stars that burn 
with a dense, broad trail of sparks, to produce an ap- 
pearance similar to the fronds of a palm tree. These 
shells often have an attached rising tail to simulate the 
trunk of the palm tree. 


pancake shell — Any cylindrical shell that has a di- 
ameter greater (sometimes substantially greater) than 
its height. The term is sometimes used in a derogatory 
way because the advertising of such shells may de- 
ceive a buyer into believing they are purchasing a 
larger shell than the one that will be supplied. 


parachute shell — An aerial shell deploying one or 
more parachutes to greatly retard the rate of fall of at 
least a portion of the display from a shell. The para- 
chute may be composed of strong tissue paper or other 
lightweight material. Upon the weak bursting of the 
shell, the parachute opens to support a flare, smoke or 
strobe pot, or tissue paper representation of a flag or 
animal, etc. 


pattern shell — An aerial shell producing a distinct 
two or three-dimensional arrangement of stars in the 
air that produces the outline of a familiar object, a ge- 
ometric design or letters. Common shell patterns in- 
clude cubes, five-pointed stars, smiling faces, spirals 
and double rings. 


peacock shell — (Also peacock tail shell) — A multi- 
colored (i.e., variegated) shell burst, often including 
yellow and/or white glitter stars, possibly in a fan- 
shaped burst pattern. 


peanut shell — A multibreak aerial shell consisting of 
two (or sometimes more) spherical shells assembled 
into a unit having a shape like that of a peanut. These 
shells may also be described as double or triple- 
bubble shells. 


peony shell—Usually a spherical, hard-breaking aerial 
shell containing colored stars. The term may also de- 
scribe a pattern shell producing a star pattern like the 
shape of a peony flower. Although there are exceptions, 
peony shells differ from chrysanthemum shells by their 
use of stars that do not produce spark trails. 


petal — Each spherical layer of stars in or from a 
spherical shell may be described as a petal; when a 
shell has only a single petal, that description is rarely 
used. The effect of a multi-petal shell upon bursting is 
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the production of two or more concentric spheres of 
stars. 


piled shell — (Also stacked shell) — Two or more aerial 
shells wrapped together as a single unit and intended 
to be fired from a single mortar, thus comprising a 
multibreak aerial shell. 


pillbox star — A star made by charging a short cylin- 
drical thin-walled paper case with star composition. 
Typically, a piece of black match is threaded along 
the inside length of the case before charging, with suf- 
ficient fuse left projecting to ensure ignition of the 
star. Such a star can be made to burn either from one 
end or from both ends, thus controlling its duration 
and brightness. Pill box stars are named for the paper 
cylinders that pharmacists commonly used to dispense 
pills (pelletized medications) in the 19" century. 


pistil — A small core of stars, usually of contrasting 
color, in the center of a spherical shell burst. The core 
of stars may either be of many small stars or a few 
larger trailing stars (somewhat resembling the pistils 
of a flower). 


planet shell — See Saturn shell. 


pokamono shell — (Also poka shell) — A Japanese 
term for a spherical dump shell. Willow and parachute 
shells are examples of pokamono shells. 


pupadella — (Also poob-a-dell or pupatella) — An 
Italian term for a small star shell insert (i.e., a bombette) 
contained within a larger shell. 


raggetta shell or raggette shell — See rosette shell. 


rain, gold or silver — Describes a pyrotechnic effect 
producing orange, yellow or white particulate fire that 
drops slowly from the sky under the opposing influ- 
ences of gravity and air resistance. 


rainbow — A multicolored (i.e., variegated) star effect, 
sometimes with the various colored stars organized to 
appear in bands. 


ray — See streamer. 
reddish gamboge — See gamboge. 


report — A salute or a salute insert (i.e., a shot) from 
an aerial shell. The term is also often used as a synonym 
for a salute. 


ring and bow-tie shell — A shell combining the fea- 
tures of both a ring shell and a bow-tie shell, with the 
bow-tie break of stars appearing inside the ring of stars. 


ring and planet shell — See Saturn shell. 
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ring shell — A type of pattern shell producing a 
symmetric circle of stars. A ring shell may often pro- 
duce more than one circle of stars. The star circles 
may be in concentric rings (i.e., in a single plane), in 
multiple intersecting planes, or they may be in multi- 
ple parallel planes. 


rising — Describing ascending effects that are at- 
tached to the outside of an aerial shell and that are 
typically ignited by the lift charge while the shell is in 
the process of exiting the mortar. The rising effect 
subsequently explodes as the shell is rising into the 
air. Rising effects are often comets, but they may be 
whistles, small salutes, star shells or other effects. 


rondelle shell — (rondelle, Italian meaning rings; also, 
rondel shell, roundel shell or beraq pront) — An artil- 
lery shell containing multiple small salute inserts (i.e., 
shots), usually 7, 9 or 11 that are dispersed in a circu- 
lar pattern and explode sequentially in a roughly cir- 
cular pattern. The small salutes are timed either to ex- 
plode simultaneously or one after another in rapid se- 
quence around the circle. The small salutes may be 
described as saettines, shots or reports. 


rose — Anaerial shell that produces a display of single- 
colored stars with a moderate to hard break. A rose 
shell may come in any color; red, pink, white and yel- 
low are most common. They usually produce breaks 
that are roughly spherical in shape but not perfectly 
so, perhaps attempting to replicate the petals of a rose 
flower. 


rosette shell — (Also raggetta shell) — An Italian term 
for an aerial shell containing coarsely granulated flash 
powder in the form of large smooth granules. The ef- 
fect is a substantial explosion dispersing rays of bright 
aluminum sparks similar in appearance to a titanium 
salute. 


saettine — (Also saittene or siatene) — An Italian term 
for a salute insert (i.e., a shot). 


salute — (Also maroon or salute shell) — An aerial 
shell designed to produce the loud noise of an explo- 
sion, usually accomplished with the use of a flash 
powder (described as a flash salute that also produces 
a bright flash of light) but may instead use other ex- 
plosive compositions. Also, a salute shell may contain 
one or more internal salutes or shots (possibly in addi- 
tion to other effects). If titanium granules are included 
in the flash powder, the salute may be described as a 
titanium salute, which creates a white sparking effect 
in addition to the loud noise. 


Saturn shell — (Also planet shell) — An aerial shell 
producing a relatively small, dense spherical break of 


Encyclopedic Dictionary of Pyrotechnics 


stars surrounded by a single ring of stars of a con- 
trasting effect. 


scattering flashes — See giitter. 
scrambling comet — See go getter and French split. 


serpent — (Also snake) — A self-propelled insert, usu- 
ally producing a trail of sparks and following a ran- 
dom or zigzag path. Originally, the term referred to 
small squibs, specially made for this purpose. Tradi- 
tional serpents ended their performance with a report. 


Shell of shells — An aerial shell containing a collec- 
tion of smaller shells that are timed to burst at approx- 
imately the same time, in groups at separate times, or 
one after another in a timed sequence. 


shooting comet shell — An aerial shell containing 
many French split comet devices. 


shot — An insert, or a shell break, producing a loud 
explosion as its principal effect (see bottom shot and 
salute). Alternatively, it is the small explosive charge 
fitted into a crossette comet. 


shower — See rain. 


shuttle shell — An aerial shell containing many 
French split comet devices. 


silver — A name often applied to white sparks or stars. 
Such use is most appropriate when the effect is 
brighter than usual. 


siren — See whistle. 


sky mine — A single-break star shell that operates by 
expelling the entire contents of the shell through one 
end of the shell. The shell is typically constructed in 
such a way that it maintains its flight orientation with 
its weak end pointing upward. This produces a display 
of stars appearing very much like a firework mine, 
except that it occurs moderately high in the sky. 


smiling face shell — (Also smiley face shell or happy 
face shell)— A type of pattern shell producing a display 
resembling a human face with two eyes, a smiling 
mouth and sometimes a nose, encircled in a ring of stars. 


smoke — Describing any device that has as its primary 
effect the production of smoke. 


smoke dragon — A daytime parachute shell in 
which or one or more smoke devices are suspended 
from a parachute and typically produces a spiral trail 
of smoke as the parachute descends. 


snake — See serpent. 
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soft break — (Also dump break) — An aerial shell 
bursting with relatively little violence, such that the 
contents are not dispersed far from the center of the 
burst. Waterfall, willow and parachute shells are ex- 
amples of shells having soft breaks. 


solid — An aerial shell effect with a single color or 
type of star. This contrasts with a variegated effect. 


sound signal — See announcement salute. 


sparkling — Describing stars producing a strobe ef- 
fect or occasionally a glitter effect. 


special effect shell — (Also specials) — An aerial 
shell containing something other than ordinary color, 
color-changing or comet stars. 


spider shell — A roughly symmetrical hard-breaking 
shell usually containing eight long-trailing comets. 


spider web shell — An aerial shell with a break 
somewhat resembling the orb (1.e., web) of a spider. 


spinner — (Also whirling) — A tourbillion or tourbil- 
lion-like shell insert that rotates along its transverse 
axis to produce a tight spiral of sparks. 


spiral shell — A type of pattern shell producing a 
tightly curved line of stars forming a pattern of stars 
circling a center with a continuously increasing radius. 
The pattern may be in a single plane or it may be a 
three-dimensional helix. 


split comet or splitter comet—See comet, crossette. 
stacked shell — See piled shell. 


starfish shell— A symmetrically hard-breaking shell, 
usually displaying 5 to 7 long, thick-trailing comets. 


stickless rocket — A comet, normally fired individu- 
ally from a mortar, so called because it produces a 
long trail of sparks, like that produced by an ascending 
firework rocket. Also, especially in countries other 
than the US, an insert consisting of a small rocket 
without a stick. 


straight fire — A device (most commonly a salute) 
that has no specialized additions or effects. 


streamer — Describing stars that leave bright, dense 
trails of yellow or white sparks as they are projected 
or fall through the air. Alternatively, describing a day- 
light shell dispersing long strips of colored paper. 


strobe — (Also strobing, oscillating or twinkler) — An 
adjective describing a shell dispersing stars or small 
inserts that produce repeated bright flashes of light. 
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swimming — The motion of a type of star or insert 
that propels itself as it burns (e.g., go getters and fish). 
Occasionally, normal stars propel themselves some- 
what; in that case, swimming stars may be considered 
an esthetic malfunction. 


tail — (Also tailing, trail and trailing) — The trail of 
sparks left behind along the trajectory of an aerial 
shell, star or insert, thus tracing its recent path and 
appearing like the tail of an astronomical comet. 
When used in a shell description, it means that the 
shell has a comet attached to its exterior. Occasionally 
such comets may not produce a spark trail but rather 
appear only as bright colored light ascending into the 
sky; for example, such a comet may be described 
(somewhat inappropriately) as a red tail. 


thunder shell — (Also thunderstorm or electric 
storm) — A type of artillery shell containing multiple 
salute inserts that will produce a series of reports in 
rapid succession. 


tiger-tail shell — Originally, a spherical aerial shell 
heavily coated with comet composition that produces 
an especially wide, dense trail of sparks as it ascends. 
The term may now also be used for shells coated with 
colored star composition that leave little or no trail of 
sparks. In addition, the term is sometimes used for 
conventional shells simply having a comet (i.e., a rising 
tail) attached to its exterior. 


timed-report shell — An aerial shell that disperses a 
series of salutes timed to explode at precise intervals 
(e.g., one half second intervals), and often concluding 
with a single larger salute (i.e., a bottom shot) after a 
somewhat longer interval. 


titanium salute — A salute that produces a cloud of 
white sparks that persist for a brief period after the sa- 
lute explodes. It is so called because the sparks are 
commonly produced by including relatively coarse par- 
ticles of titantum in the flash powder. (A titanium sa- 
lute may occasionally be described as a hailstorm shell.) 


titanium whistle — A whistle that produces a spray 
of white sparks. It is so called because the sparks are 
commonly produced by including relatively coarse 
particles of titanium in the whistle composition. 


tourbillion — An insert that spins about its transverse 
axis to produce a tight spiral of trailing sparks. 


trail and trailing — See sail. 
transformation — See firefly effect. 


tremolante — See glitter. 
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triple-break shell and triple-bubble shell — See 
multibreak aerial shell. 


twinkler and twinkling — Most commonly a strobe 
effect, although it may also describe a long-delay glitter 
effect. Occasionally, this has been used to describe 
non-metallic effects producing delayed glowing 
sparks such as those from senko-hanabi. 


variegated — Identifies the use of several different 
colors of stars (usually at least three) in an aerial shell 
or other device. 


warimono shell — A Japanese term for a hard- 
breaking spherical shell. Peony and chrysanthemum 
shells are examples of warimono shells. 


waterfall shell — A soft-breaking shell of comet stars 
that produce a dense, long-duration effect resembling 
a waterfall of sparks. Some waterfall shells are para- 
chute shells that dispense parachutes that suspend a 
line of waterfall flares. Such shells may be described 
as a festoon. 


weeping willow shell — See willow shell. 


whirl — An aerial shell containing inserts that are 
propelled to produce a random, or an irregular circular 
or spiral trail of dense sparks. 


whistle — (Also siren) — A pyrotechnic device that 
produces a shrill whistling sound as it burns. The 
pitch of the sound descends as the composition burns. 
Whistles are used as inserts or as a rising effect. 


whistling tracer — Either an aerial shell with an at- 
tached whistle as a rising effect or sometimes a shell 
containing multiple whistles as inserts. The inserts 
may each have star composition pressed into one end. 


whizzer — An insert that makes an audible whirring 
sound, usually a small self-propelled rocket-like de- 
vice or a hummer. 


willow shell — (Also weeping willow shell) — A soft- 
breaking shell, usually dispersing long-burning comet 
stars that form a large drooping trail as the stars fall. 
These stars often contain lampblack to produce long- 
duration spark trails. The term may also be used to 
describe soft-breaking shells that release colored stars. 


with — A conjunction used in many aerial shell names 
and other firework names to indicate that the device 
has a particular property or additional feature. It is 
may be abbreviated by a forward slash (/). 


with reports — An aerial shell containing salutes 
(i.e., shots) of any size. 
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with rising small flowers — An aerial shell having 
small, independently timed star shells attached and 
performing while the main shell ascends (i.e., a type 
of rising effect). 


with rising tail — See with tail. 


with small flowers — A shell of shells, where the in- 
sert shells are small star shells. 


with tail — (Also with rising tail) — An aerial shell in 
which a comet is attached to the outside of a shell that 
burns as the shell rises into the air to produce a rising 
effect. 


with whistles — An aerial shell containing whistles, or 
sometimes used to refer to a whistle as a rising effect. 


AERIAL SHELL PASTING — See pasting, aerial shell. 


AERIAL SHELL PASTING MACHINE — See pasting ma- 
chine, aerial shell. 


AERIAL SHELL PRE-FIRE TIME — (Also aerial shell 
burst delay time or aerial shell rise time) — The time 
interval between the firing an aerial shell from its 
mortar and its bursting in the air. To achieve a high 
degree of precision, the action to fire the shell will 
most typically be the ignition of an electric match in- 
stalled into its shell leader or lift charge. 


For a musically choreographed display, when it is de- 
sired to have an aerial shell burst precisely on cue, it 
is necessary to fire the shell in advance of the time of 
its intended burst. For the most part, this pre-fire time 
corresponds to the time taken for the shell’s time fuse 
to burn through to the interior of the shell. The time 
delay between the ignition of the shell’s lift charge 
and the ignition of its time fuse will be no more than 
perhaps 0.02 second and can be ignored (see aerial 
shell internal ballistics). The time required for the ex- 
plosion of the shell after the time fuse burns through 
will be no more than approximately 0.10 second. 


While the same size shells from various manufactur- 
ers do not all have the same pre-fire times, reasonably 
typical pre-fire times are presented below. 
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Shell Size Typical 
| (in.) | (mm) | (mm), | (in.) | (mm) | Pre- fire Time (s) 


(Metric shell sizes have been rounded to the nearest 5 mm.) 


AERIAL SHELL RISE TIME — See aerial shell pre-fire 
time. 


AERIAL SHELL SIZE — Typically, the internal diameter 
of the mortar from which an aerial shell is intended to 
be fired (i.e., a 3-inch (75-mm) aerial shell is intended 
to be fired from a mortar with a 3-inch (75-mm) in- 
side diameter). 


To provide adequate clearance in the mortar, the actu- 
al diameter of the aerial shell must be somewhat less 
than its stated size. For example, three-inch aerial 
shells tend to have approximately 0.3-inch (8-mm) 
clearance in the mortar; accordingly, a 3-inch (75 mm) 
shell has an approximate diameter of 2.7 inches (69 
mm). This mortar clearance ranges up to approximately 
0.5-inch (13-mm) clearance for a 12-inch (300-mm) 
shell. 


While individual aerial shells will vary somewhat in 
their actual diameter, nominal shell sizes and average 
actual diameters are presented below. As a matter of 
convenience, the metric conversion of shell size is only 
approximate. For example, the metric conversion for 
6 inches is 152.4 mm and not 150 as presented below. 


oa shel = Typical ieee 
| (mm) | (in) | 


1 (mm) 


Prior to approximately 1960 in the US, it was com- 
mon for some display companies to designate the shell 
size by its circumference. Using this method, a 9-inch 
shell would then be the equivalent to what is now de- 
scribed as a 3-inch shell and a 4-inch shell would be 
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described as 12-inch shell. This misleading practice 
was largely discontinued in the 1960s and is no longer 
allowed by NFPA-1123 (the current US standard for 
firework displays). Several countries that use metric 
(SD units still use the rounded metric equivalents of 
the English-unit shell sizes (as in the table above). 
Some countries do use true metric shell sizes, for ex- 
ample, traditional Japanese shell sizes are in ‘Suns’, 
where | Sunis 30 mm (1.19 inches). 


AERIAL SHELL SOUND PRESSURE LEVEL — See 
sound pressure level, aerial shell. 


AERIAL SHELL, SPHERICAL — See spherical aerial 
Shell. 


AERIAL SHELL SUSPENDER -— See suspender, aerial 
Shell. 


AERIAL SHELL TYPE — For the most part, aerial shells 
can be divided into two main groups based on their 
shape, cylindrical aerial shells and spherical aerial 
Shells. (See aerial shell names and descriptions (spe- 
cific).) 


AERIAL SHELL WEIGHT — The mass of an aerial shell, 
exclusive of its lift charge and shell leader. While 
there is substantial variation in the weight of individual 
aerial shells of the same nominal size, typical weights 
are presented below for single-break cylindrical (upper) 
and spherical (lower) shells. 


Nominal Size Cylindrical Shell 


(in.) | (mm) | Weight (Ib.)} Mass (kg) 
—= et ue 


Nominal Size Spherical Shell 
(in.)_| (mm) [Weight (Ib.) | Mass (kg) 


(Metric shell sizes were rounded to the nearest 5 mm.) 
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AERIAL SHELL WIND DRIFT — The displacement of an 
aerial shell’s trajectory due to the effect of wind. Be- 
cause aerial shells have relatively high ballistic coeffi- 
cients, they are not greatly affected by wind. Approx- 
imate values for wind drift expected for a range of 
typical dud spherical aerial shells as a function of 
wind speed, based on calculations, are presented below. 


Wind Dud Displacement by Shell Size (-) 


Speed [3-in.| 75mm|6-in./150mm]|12-in.}300mm 
mphikm/hr 


a) Displacement is in the downwind direction and is report- 
ed to the nearest 10 feet or 5 meters. 


b) Displacement of shell apogee is a little less than half 
that reported for dud shells. 


When needed, wind displacements can be corrected for 
by angling mortars into the wind somewhat. The 
amount of mortar angling needed for this correction is 


less than many display op- 


erators believe. Based on 
in. | mm 


the above-calculated val- 
ues, the angling needed to 
correct for wind displace- 
ment, for each 5 mile-per- 
hour (8 km/hr) of wind is 
presented at the right. 


The wind being considered for correction is the average 
effective wind throughout the flight path of the aerial 
shell. Unfortunately, it is only the near-surface wind 
that can be easily measured (such as by using an ane- 
mometer). Also, the correcting tilt angles suggested 
above are only for moderate wind speeds and for un- 
exploded shells, not for fragments of the shell casing 
or burning debris. 


AERIAL SPINNER — See /elicopter (fireworks). 


AERODYNAMIC CENTER — That point of an airfoil 
(wing or rocket fin) where the combined moments are 
zero (1.e., are balanced) or constant regardless of 
changes in angle of attack. For a rectangular or 
straight tapered wing or fin at subsonic speeds, this 
point is at the '4-chord point (i.e., 4 of the way back 
from the leading edge). As speed increases, the aero- 
dynamic center moves to the rear. At supersonic 
speeds, the aerodynamic center is approximately at 
the 2-chord point. It is much more difficult to deter- 
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mine the aerodynamic center of swept wings or fins. 
The aerodynamic center of an aeromodel is also known 
as its neutral point. 


AERODYNAMIC DRAG - See drag force. 


AERODYNAMIC FORCE — The force exerted by a mov- 
ing gaseous fluid, such as air, upon a body completely 
immersed in that gaseous fluid. Aerodynamic force is 
the combined result of aerodynamic lift and the various 
drag forces. 


AERODYNAMIC HEATING — When a projectile moves 
through air, the surface of the projectile is heated by 
the airflow. This effect is of critical importance in 
problems of reentry of a space vehicle because this 
type of heating becomes especially significant at hy- 
personic speeds. 


The temperature-rise within a thin layer of air that 
blankets the rocket is given by: 


2 
v 
ae = 0.5 ma 
C, 
Here, 7;ise is the temperature rise of the air in kelvin; v 
is the air velocity relative to the rocket in m/s; and C, 
is the heat capacity at constant pressure, which is: 
kJ 
C,, = 1.005 —_ 
kg K 


Aerodynamic heating increases with the speed of the 
vehicle and is continuous from zero speed. It produces 
much less heating at subsonic speeds and becomes more 
important at supersonic speeds. At supersonic speeds, 
it can induce temperatures that begin to weaken the 
materials that compose the object. The heating effects 
are greatest at the leading edge of structures. Aerody- 
namic heating is accommodated using high-temper- 
ature metal alloys, the addition of insulation on the 
exterior of the vehicle or the use of ablative material. 


AERODYNAMIC LIFT — (Also lift) — One of the four 
forces (1.e., thrust, drag, weight and lift) that allow the 
aerodynamic flight of aircraft or the stabilization of 
fin-guided rockets. Lift acts on a projectile in an air- 
flow perpendicular to the axis of the projectile. Four 
of the factors affecting the amount of lift are relative 
air velocity, shape of the lifting surface, angle of at- 
tack of that surface and area of the lifting surface. Lift 
(L) is equal to: 


L=%p-S-C,-v 
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Here, p is the density of air, S is the wing or fin plan 
form area, Cz is the /ift coefficient (dimensionless), 
and v is the air velocity relative to the rocket. 


AERODYNAMICS -The science that deals with the mo- 
tion of air and other gaseous fluids, and of the forces 
acting on bodies when moving through such fluids or 
when such fluids are in motion around the bodies. 


AERODYNAMIC STABILIZATION (rocketry) — See 
rocket flight stabilization method. 


AEROLITE — (Also shot tube) — A traditional consumer 
firework consisting of a relatively short mortar loaded 
with a single comet star (and lift charge) over which 
layers of mildly compacted pyrotechnic compositions 
are placed. In effect, an aerolite is a single-ball Ro- 
man candle with a long colorful and/or sparky delay 
before its comet star is fired. 


An example of the internal construction of a some- 
what typical aerolite is illustrated in cross section on 
the left below. An English-style shop goods firework 
(i.e., consumer firework) that contains only candle 
composition (without the colored-flame composition) 
with an effective long-tailed white glitter star is 
shown on the right. 


— Touch 
Paper 


Bengal 
Fire 


4— Candle 
1 Composition 


Photo Credit: 
Foti International Fireworks 
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The mortar tube is typically 4 or 5 inches (100 or 125 
mm) long with an ID of approximately 0.75 inch (19 
mm) or more. For stability while firing, the tube will 
be fitted either with a spike or with a flat base. The 
first composition ignited may be one or more layers of 
a Bengal fire type of composition (often producing a 
blue colored flame); and/or the tube may be filled 
with a layer of spark-producing composition (tradi- 
tionally candle composition, perhaps with added 
coarse charcoal or sawdust to produce additional 
sparks). The device ends with the firing of its single 
comet star, typically either a glitter comet or one pro- 
ducing a dense trail of orange sparks. 


As with a traditional Roman candle, the lift charge is 
ignited by fire passing down the sides of the burning 
comet (i.e., between the comet and the tube’s inner 
wall).It is thought that the burning candle composition 
residue acts somewhat like wadding or a Jift disk to 
increase the lift’s gas pressure, which results in the 
star being ejected to an appropriate height with only a 
minimal lift charge. 


Current usage of the term aerolite sometimes de- 
scribes an item that would be better described as a 
comet bomb. (See comet type (comet bomb).) 


AEROMODEL — A miniature, unmanned flying device 
that includes the categories of model rockets, high- 
power rockets, model airplanes, model helicopters and 
boost gliders. 


AERO-PAC - The acronym for the Association of 
Experimental ROcketry of the PACific, a prefecture 
of the Tripoli Rocketry Association in Northern Cali- 
fornia. AERO-PAC hosts the annual National Exper- 
imental Rocket Launch in the Nevada Desert. Despite 
the name, this is a high-power rocketry club and does 
not fly liquid fueled or other amateur rocketry vehicles. 
Its main purpose is education through experimentation 
with rocketry while following the National Association 
of Rocketry and Tripoli Rocketry Association safety 
codes. 


AEROSOL — A suspension of tiny droplets of liquid or 
tiny solid particles in a gas. The particles in suspen- 
sion must be very small, or else they would quickly 
settle under the influence of gravity. Typical particle 
diameters range from approximately 0.001 to 100 mi- 
crometers, and the density of the suspended particles 
may range from near zero up to around 10 grams per 
cubic meter of gas. 


An aerosol containing solid particles is described as a 
smoke. The familiar white smoke that appears after 
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Black Powder is burned is an aerosol of its solid reac- 
tion products dispersed in air. 


An aerosol of liquid droplets is described as a fog. 
The familiar fog that is produced in humid air as the 
result of exposure to extreme cold is an aerosol of water 
droplets (i.e., condensed water vapor). This effect is 
used in cryogenic fog machines. 


AFN — Abbreviation for American Fireworks News. 


AFSL — Abbreviation for the American Fireworks 
Standards Laboratory. 


AFTER BURNER -— A device for enhancing the thrust of a 
turbojet engine by the injection of additional fuel into 
the exhaust gases of the jet. There, the injected fuel 
burns by reacting with the oxygen remaining in the ex- 
haust gases of the engine. While inefficient, this does 
provide additional thrust in situations where it is 
needed. 


AFTER BURNING — The combustion of reaction prod- 
ucts that occurs secondarily to the primary flame (if 
any) produced by a pyrotechnic reaction. 


In rocketry: The secondary flame that occurs in some 
rocket exhaust plumes is the result of after burning, 
such as when using nitrocellulose-based propellants 
that produce fuel-rich combustion products. As these 
combustion products mix with the air, they further 
burn to produce a secondary flame, as shown below. 
(In this case, the rocket’s nozzle expansion ratio is 
sufficiently great that its primary flame is not visible.) 


parr 


»~ 


a 


Photo Credit: Naminosuke Kubota 


In proximate audience pyrotechnics: When smokeless 
powder is burned in a flame projector, the principal 
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visible flame is the result of the after burning of the 
fuel-rich combustion products as they mix with the air 
to burn further. This is the reason for the gap between 
the top of the flame projector and the visible flame, as 
shown below. 


Photo Credit: Tom DeWille 


AFTER FLAME -— In combustion testing, the flame that 
continues after the ignition stimulus is terminated. 


AFTER GLOW — In combustion testing, the emission of 
light (i.e., incandescence) from a test material after 
flaming has ceased. 


In fireworks: Sparks (i.e., incandescing particles) meet 
this definition. A similar effect also occurs with senko- 
hanabi, where a glowing dross ball is formed after the 
initial flaming ceases. 


After glow also describes post-display parties frequent- 
ly held at various gatherings of firework enthusiasts. 


AFTER IMAGE (human perception) — A visual image 
experienced after the original stimulus has ended. For 
example, observing the explosion of a firework flash 
salute at night will leave a person seeing a spot in the 
field of vision (i.e., an after image of the explosion) 
well after the event occurred. 


AGENT, ANTI-AGING — See stabilizer. 
AGENT, CROSS-LINKING — See cross-linking agent. 


AGGLOMERATION — The process of particle-size en- 
largement, whereby small particles are clustered to- 
gether to form larger structures, either by electrostatic 
or mechanical means. The agglomeration of smoke 
particles (illustrated below, left) is undesirable be- 
cause it weakens the visual appearance of the smoke. 
Such agglomeration can be counteracted by having 
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ample gas production, which better disperses the 
smoke particles (right) from the smoke generator. 


Agglomerated 
Particles 


i 


J 


No Gas Production 


Dispersed 
Particles 


With Gas Production 


Agglomeration may also be used when describing 
what happens upon storage of some pyrotechnic raw 
materials, especially oxidizers, but also some resins. 
This process may also be described as caking. 


AGGLUTINANT — See binder. 


AGING TEST — A test to examine the effect of the pas- 
sage of time on the performance or properties of pyro- 
technic compositions and devices. Environmental con- 
ditions, such as temperature and humidity, may be in- 
creased to accelerate the aging process, thereby de- 
creasing the time required for the test. 


AGL — Abbreviation for above ground level. 


AGREEMENT DANGEROUS ROAD — (Abbreviated 
ADR) — The European agreement concerning the in- 
ternational carriage of dangerous goods by road, 
launched in 1957 under the aegis of the United Nations’ 
Economic Commission for Europe. For more infor- 
mation see: 
www.unece.org/trans/danger/publi/adr/adr_e.html 


AGRICULTURAL PYROTECHNIC DEVICE -— Sce pest 
and predator control device. 


AHJ — Abbreviation for authority having jurisdiction. 


AIAA — Abbreviation for American Institute of Aero- 
nautics and Astronautics. 


AIHA -— Abbreviation for the American Industrial Hy- 
giene Association. 


AIR — A mixture of gases that forms the earth’s atmos- 
phere. Its main constituents are nitrogen (78.03%) and 
oxygen (20.99%), some trace gases and some variable 
constituents such as water vapor and carbon dioxide. 
The percentage of the permanent constituents varies 
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slightly relative to latitude and altitude. (See standard 
atmosphere (US).) 


AIRBAG, AUTOMOBILE — (Also passive restraint system 
or air-cushion restraint system) — A safety device for 
motor vehicles that consists primarily of a large bag 
that rapidly fills with gas, so as to protect occupants in 
the event of a collision. The gas is produced by a fast- 
burning gas-generating composition ignited with an 
electric igniter, which activated by a collision sensor. 


A steering-wheel airbag unit is shown below: first, as 
it would appear to the driver (upper), then the back- 
side of the unit with its gas generator cartridge re- 
moved (middle) and finally, the generator cartridge 
(lower) showing the holes through which the gas is re- 
leased into the airbag. 


Original airbag gas generators were primarily based 
on the decomposition of sodium azide [NaN3] to pro- 
duce nitrogen gas: 


2NaN3 > 2Na + 3 Nox) 
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The production of sodium metal is obviously undesir- 
able, but it can be eliminated by having the sodium 
react with an appropriate amount of an oxidizer such as 
potassium nitrate [KNOs] in the airbag composition: 


2KNO3 + 10Na > K2.0 + 5Na0O + Nog) 


While this solves the sodium metal problem, the re- 
sultant sodium and potassium oxides will react with 
moisture in the air to form highly alkaline reaction 
products. This problem is then solved by the inclusion 
of some silicon dioxide [SiO2] in the composition. The 
silicon dioxide reacts with the sodium and potassium 
oxides to produce relatively inert silicate glass such as 
potassium sodium silicate [K»Na2SiO,]. 


Because of the relatively high toxicity of sodium azide, 
there have been several attempts at producing azide- 
free gas generators for auto airbags. One example of a 
non-azide composition combines azodicarbonamide 
({(C2H402Na] {CAS 123-77-3}), potassium perchlorate 
as an oxidant and cobalt molybdate ([CoMoO,] {CAS 
13762-14-6}), as a catalyst. This was disclosed in US 
Patent 5,883,330, granted in 1999 to Japanese inventor 
Tadao Yoshida. 


AIR BALLOON -— See firework name and description 
(historical). 


AIR BLAST — An airborne shock wave or pressure tran- 
sient generated by an explosion. See blast pressure, air 
and blast wave, air. 


AIR-BLAST GAUGE -— See blast gauge, air. 
AIR-BLAST IMPULSE — See impulse. 

AIR-BLAST PRESSURE -— See blast pressure, air-. 
AIR-BLAST WAVE — See blast wave, air-. 


AIRBORNE PARTICULATE MATTER — See particulate 
matter, airborne. 


AIRBORNE VIBRATION (blasting) — See blast wave, air. 


AIRBREATHER — A vehicle propelled by fuel that is 
oxidized as a result of the intake of atmospheric air. 
Because of this, an air-breathing vehicle, such as a 
ramjet or turbojet, cannot operate beyond the atmos- 
phere of the earth. 


In_rocketry: Typically, an airbreather has a dual- 
chambered motor with a fuel-rich solid as the primary 
unit feeding a secondary chamber into which atmos- 
pheric air is forced or ducted to combust the remaining 
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fuel to provide additional thrust. (See rocket motor, 
ducted.) 


AIRBURST — A pyrotechnic special effect used in prox- 
imate audience pyrotechnic performances. Two types 
of airbursts are shown below. 
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The one on the left is a ‘flash airburst’ (see below and 
flash powder type) and uses flash paper (see flash ma- 
terial) for its external wrapping. The one on the right 
isa ‘star airburst’ and uses original Saran Wrap™ (see 
polyvinylidene chloride) for its wrapping. Both types 
of wrappings are commonly employed in both types of 
airbursts. 


Flash paper is frequently used as a wrapping because 
it produces no debris; Saran Wrap™ (i.e., polyvinyli- 
dene chloride film) may also be used. Today, polyvi- 
nylidene chloride type of Saran Wrap is only available 
through commercial suppliers. Grocery-store plastic 
wrap described as Saran Wrap, is no longer a polyvi- 
nylidene chloride film. The use of grocery-store plastic 
wrap and other common types of plastic wrap some- 
times produces melted or burning plastic debris as the 
airburst explodes. Thus, these are not acceptable as 
substitutes for flash paper or the original polyvinylidene 
chloride Saran Wrap. 


Airbursts are normally suspended relatively high in 
the air and are used to simulate the functioning of 
small outdoor aerial firework shells without producing 
potentially hazardous debris. Airbursts are most 
commonly used on stage (both indoor and outdoor) 
and even over spectators, but they must be placed ap- 
propriately high above the heads of performers and 
spectators. (See separation distance (proximate audi- 
ence pyrotechnics.)) 


Although the effect of an airburst is primarily visual, 
it will be accompanied by an audible popping sound, 
which can add slightly to the overall effect. The sound 
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level produced is primarily a function of the type and 
amount of airburst powder. 


Airbursts may be purchased as a preload and are often 
labeled as an RTG airburst (with RTG being an ab- 
breviation for ‘Ready To Go’). As an alternative, bi- 
nary pyrotechnic compositions can be purchased that 
allow sufficiently skilled pyrotechnicians to assemble 
their own flash airburst units. 


flash airburst — (Also regular airburst) — The basic 
construction of a typical flash airburst device is illus- 
trated below in cross section. 


Airburst Flash Powder 


Electric Match 


; C., Cable Tie 


<— Leg Wires 


Flash-Paper Bag 
Aluminum Flitters 


A fast, magnesium-based flash powder is usually used 
along with some coarser metal powder to produce 
sparks of sufficient duration to be seen after the initial 
flash of light has ceased. A series of images of a func- 
tioning flash airburst is shown below. 


Photo Credit: Tom DeWille 


The small airburst unit is barely visible as a tiny dot 
(circled in yellow) in the first (upper left) image. The 
total span of time for the series of images is approxi- 
mately 0.3 second, and the maximum spread of the 
sparks is approximately 6 feet (2 m). 


Larger versions of this type of airburst have sparks 
that persist somewhat longer and have greater spreads. 
These increases are accomplished by increasing the 
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amount of the airburst charge and the particle size of 
the spark-producing component. The next larger ef- 
fect may be described as a high-altitude flash airburst, 
indicating that it needs to be placed and exploded at a 
greater height above the floor or ground. The largest 
of these items may be described as coliseum flash air- 
bursts and may have spark spreads exceeding 10 feet 
(3 m). 


Airburst flash powder can contain flitter aluminum or 
sponge titanium to produce its spark effect. High alti- 
tude and coliseum airburst powder usually contains 
coarser versions of these same spark-producing mate- 
rials. Occasionally, airbursts containing titantum may 
be described as gold airbursts because the sparks pro- 
duced are somewhat more yellowish white in color 
when compared to those of using flitter aluminum. A 
set of airburst formulations for regular (1), high altitude 
(2) and coliseum (3) airbursts is presented below 
(DeWille, 2008). 


Formulation —/| Parts by Weight 
Ingredient | 


Strontium nitrate 


Aluminum (flitters 30 - 50 mesh) | 15 


star airburst — An airburst may contain tiny stars, as 
illustrated below in cross section. 


Small Stars 
Electric Match 


Saran Wrap Bag 
Airburst Flash Powder 


Star airbursts contain specially-made, tiny stars pro- 
ducing any of a great variety of effects, and both cut 
and rolled stars may be used. Since these devices are 
often used nightly and usually in an indoor environ- 
ment, star compositions that do not produce smoke- 
containing toxic reaction products are greatly pre- 
ferred. For example, compositions including antimony, 
arsenic or lead compounds must be avoided. The stars 
must be well primed to successfully ignite from a fairly 
violent burning flash burst. All airbursts should be rig- 
orously tested before they are used over spectators be- 
cause there is a chance that unignited or incompletely 
ignited stars (or plastic debris from the wrapping) may 
potentially reach the ground or spectators. 
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Star-containing airbursts normally use a small amount 
of a flash break. (see flash powder type). Also, some 
specialized flash powders (e.g., ones based on cop- 
per(II) oxide and dark aluminum or fine magnesium) 
have been used effectively. A series of images of a 
functioning star airburst is shown below. 
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Photo Credit: Tom DeWille 


The small airburst unit is barely visible as a tiny dot 
(circled in yellow) in the first (upper left) image. The 
total span of time between the series of images is just 
over 0.3 second. The total effect lasted for approxi- 
mately 0.6 second and the maximum spread of the 
stars was approximately 10 feet (3 m). Larger versions 
of this type of airburst have stars that persist some- 
what longer and have greater spreads. These larger 
items are may be described as coliseum star airbursts. 


AIR CANNON - See air mortar. 
AIRCRAFT DOPE — See dope. 


AIR CURTAIN — A method used to help prevent smoke 
from entering the audience during a performance that 
uses proximate audience pyrotechnics. (See heating, 
ventilation and air conditioning). 


AIR-CUSHION RESTRAINT SYSTEM — See airbag, au- 
tomobile. 


AIR DENSITY — The mass of air divided by its volume, 
more specifically, the density of the atmosphere at 
some specific altitude, temperature and humidity. Air 
density plays an important role in ballistic and flight 
calculations, and in determining the magnitude of air- 
blast effects from explosions. Air density, as a function 
of elevation above sea level for the US standard at- 
mosphere, is presented below. 
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Density 
(m) (kg/m) 
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AIR FLOAT or AIR FLOAT CHARCOAL -— See charcoal 
type. 


AIRFOIL SECTION — The cross-sectional shape of a 
construction that produces lift or a control force when 
in an airflow. Its cross section is taken parallel with 
the rocket body and perpendicular to the plane of the fin. 


The shape of a rocket fin is almost always symmetric 
about its chord (as illustrated below). Accordingly, a 
rocket fin only produces lift (i.e., a directional restoring 
force) when the airflow is not parallel to the chord of 
the fin. 


Chord _ i™N 


AIR-GAP SENSITIVENESS — The distance in air across 
which a donor explosive material will propagate a 
detonation to an acceptor charge. 


AIR-GAP TEST — Sce gap test. 


AIR LAUNCH (fireworks) — A system for launching aerial 
shells using energy from compressed air instead of 
burning Black Powder. 


One system uses multiple, filament-wound mortars 
assembled ona turret that rotates to position individual 
mortars over a cylinder of compressed air with a fast- 
activating valve. When the valve is opened, the pres- 
sure is released, and the shell is forced up into the air. 
The system is also capable of being aimed (both ele- 
vation and azimuth) under computer control. 


Originally, a small electronic circuit, built into the 
shell, was used to provide the firing current to burst 
the shell after a preset delay. Currently, a standard 
time fuse, ignited by an electric match just before the 
shell is fired, is used to burst the shell. 
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The combination of mortar aiming and variable air 
pressure upon firing, principally determine the trajec- 
tory of the aerial shell. The whole process is computer 
controlled allowing shell bursts to be relatively accu- 
rately timed and positioned in the sky to allow unusual 
patterned aerial-shell displays not otherwise possible. 


In other applications, a series of individual perma- 
nently aimed mortars are used, each with its own 
compressed-air supply. In this case, the primary ad- 
vantage is the lack of smoke produced at ground level. 


AIR LAUNCH (rocketry) — The launching of a model or 
high-power rocket from an airborne platform. That 
platform might be a booster section of a staged rocket, 
but it could be a balloon or aircraft. If launched from 
an aircraft, the launch control officer should ensure 
that the rocket will be launched at an acceptable 
launch angle. (See rocket motor, air start.) 


AIR MINE — See mine (sky mine). 


AIR MORTAR -— (Also air cannon) — A non-pyrotechnic, 
high-energy source used for some special effects. It 
consists of an air tank that is typically capable of be- 
ing pressurized to approximately 120 psi (830 kPa). 
The contained gas is released very quickly through a 
large-diameter, fast-opening (<0.2 second) valve. 


The output of an air mortar will typically be delivered 
to a device described as a shotgun (upper item shown 
below) or a cone (lower item). 


A shotgun is typically used to project a solid object 
(e.g., a T-shirt) a long way or to project other material 
forcefully (for example, a charge of sand, directed to 
tear off the hood of a car in a simulated explosion). In 
contrast, the cone is typically used to disperse material 
(such as a combination of loose clay, sphagnum moss, 
vermiculite and small, lightweight objects in the simu- 
lation of an explosion). An example of a cone at- 
tached to a small air mortar is shown below. 
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In the US, air mortars are usually specified with 3 
numbers, the diameter of the valve, the diameter of 
the tank, and the length of the tank in inches (1 inch = 
25 mm). One of the larger air mortars (6-36-60) is 
shown below. 


As an example of the large amount of energy such an 
air mortar is capable of releasing, consider that the 
unit above, when fully charged, can store more than 
500,000-foot pounds (700 kJ) of energy. (This is the 
same energy as produced by a charge of nearly half a 
pound, 0.2 kg, of TNT.) 


The effects produced using air mortars are highly re- 
producible and easily scaled to the specific need by 
selecting tank size, pressure and pipe size. Air mortars 
can be used for tasks ranging from propelling confetti 
and streamers to hurling large objects over substantial 
distances. Also, a similar concept is used in the air 
launch of firework aerial shells. 


AIR OVERPRESSURE — See Dlast wave, air. 


AIR RAM (special effect) — A pneumatically-actuated de- 
vice designed to propel a stunt performer, such as when 
simulating the performer is being acted upon by the 
force of an explosion. Great care must be exercised 
when using an air ram to achieve a realistic effect with- 
out injuring the performer. The air supply (typically 
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from an air mortar) must be carefully controlled, and 
a properly-configured harness must be worn. 


AIR SCOOP — (Also scoop) — A hood or open-air duct 
projecting into the airflow past a vehicle that directs a 
portion of the airflow where needed or desired in the 
vehicle. (See rocket motor, ducted.) 


AIR SHOCK WAVE — See blast wave, air. 


AIR SPEED -— The relative speed of air flowing past an 
object (e.g., an aerial shell or an aeromodel). 


AIR START ROCKET MOTOR -— See rocket motor, air- 
Start. 


AIR TERMINAL — A lightning rod or other contrivance 
for safely conducting a lightning strike to ground. In 
modern systems, air terminals typically have an en- 
hanced ability to discharge an electrostatic charge from 
the ground, and thus to preclude a strike of lightning. 
A properly-configured lightning-mitigation system is 
important at pyrotechnic and explosive manufacturing 
plants and for explosive storage magazines. 


Al — Chemical symbol for the element aluminum. 


ALANFO - An acronym for an explosive mixture con- 
sisting of ALuminum powder and Ammonium Nitrate 
/ Euel Oil (ANFO). 


ALCOHOL — Originally, the colorless, flammable and 
pleasantly intoxicating liquid obtained by distilling 
wine or other fermented liquors. This consists pri- 
marily of ethyl alcohol (i.e., ethanol, C2HsOH), along 
with some dissolved water. Later, the name wood al- 
cohol was applied to a similar, but poisonous liquid, 
methyl alcohol (i.e., methanol, CH30H) obtained 
from the liquid condensed from the vapors emitted by 
wood heated out of contact with air. 


In modern organic chemistry, the word alcohol refers 
to any member of the family of organic compounds 
containing a hydroxyl group [OH] bonded to an ali- 
phatic carbon atom. Compounds with one such hy- 
droxyl group are described as monohydric alcohols, 
for example methyl, ethyl and isopropyl alcohol. Low 
molecular-weight monohydric alcohols are volatile, 
colorless, flammable liquids that are soluble in water. 
They can be thought of as being derivatives of water, 
with one of the hydrogen atoms in each water molecule 
having been replaced by an alkyl group. They can also 
be thought of as aliphatic compounds in which one 
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hydrogen atom in each molecule has been replaced by 
a hydroxyl group. 


The IUPAC nomenclature is based on the latter con- 
cept, so the alcohol derived from methane [CH4] is 
described as methanol [CH30OH], and that derived 
from ethane [CH3CH3] is described as ethanol 
[CH3CH2OH]. The two alcohols derived from propane 
[CH3CH2CH3] are: propan-1-ol, commonly described 
as propyl alcohol [CH3CH2CH2OH] and propan-2-ol, 
commonly described as _ isopropyl alcohol 
[CH3;CH(OH)CHs3]. Three of these structures are illus- 
trated below. 


Dihydric alcohols contain two hydroxyl groups per 
molecule, with each hydroxyl group bonded to a dif- 
ferent carbon atom. These are known as glycols; for 
example, ethylene glycol and propylene glycol. Glyc- 
erol (glycerin), which has three hydroxyl groups, each 
bonded to a different carbon atom, is an example of a 
trihydric alcohol. These three structures are illustrated 
below. 


o= oer 
ethylene | propylene | glycerol 
glycol glycol (glycerin) 


In_ pyrotechnics: Low molecular weight monohydric 
alcohols are used as solvents for resinous binders. Al- 
cohol may be added to the water used to bind compo- 
sitions where it can act somewhat as a surfactant. It 
can also speed-up the drying process although it may 
reduce the effectiveness of the binder. 


In rocketry: Some early military rockets used alcohol 
as their fuel. For example, Germany’s V2 rocket in 
World War II used 75% ethanol as its fuel and liquid 
oxygen as the oxidizer. 


ALDEHYDE — A class of organic compounds that have 
an oxygen atom double-bonded to a carbon atom, 
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which is also bonded to a hydrogen atom. This structure 
may be written generically as RCHO, where R is any 
alkyl group or hydrogen. The simplest aldehyde is 
formaldehyde [HCHO]. These two structures are il- 
lustrated below. 


ALIGNMENT — An adjustment to bring parts into the 
correct orientation. An example from rocketry is the 
alignment of the fins with the body tube’s longitudinal 
axis, such as necessary to provide for straight flight 
and low aerodynamic drag. 


formaldehyde 


ALIPHATIC COMPOUND — An organic compound that 
is a member of the alkane, alkene or alkyne classes of 
hydrocarbons. Also, included are those alkanes, al- 
kenes and alkynes with atoms or groups of atoms sub- 
stituted for one or more hydrogen atoms in these 
compounds. For example, both propane [C3Hs] and 
glycerin [C3Hs(OH)3] are aliphatic compounds, their 
structures are illustrated below. 


ALIPHATIC EXPLOSIVE COMPOUND — An aliphatic 
compound with explosive properties resulting from 
the combination of both fuel and oxidizer components 
in a single chemical compound. The fuel (hydrogen 
and carbon) is provided by the non-substituted portion 
of the compound. The oxidizer is most often provided 
by the substitution of one or more nitro groups [—NO>] 
for hydrogen atoms (see nitration) in an aliphatic 
compound. For example, nitromethane has one nitro 
group replacing a hydrogen atom in methane. Aliphatic 
explosives can be further classified by the type of atom 
(carbon, oxygen or nitrogen) to which the nitro group 
is bound to. Three examples are illustrated below. 


glycerin 
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nitro-methane 


nitro-glycerin 


ALIPHATIC RESIN ADHESIVE — An adhesive, intro- 
duced in 1952, frequently used in the construction of 
furniture, as well as other wooden and paper products. 
The unpigmented adhesive is supplied as a creamy 
white to yellow-white liquid that dries to an essentially 
clear and colorless or translucent, pale-yellow solid. 
Aliphatic resin adhesive is effective only on porous 
materials such as wood, paper, cardboard and cloth. 
Some common names for and types of aliphatic resin 
adhesives are wood glue, carpenter’s glue, Franklin 
Titebond™ or Elmer’s Carpenter Wood Glue™. 


In fireworks: Aliphatic resin adhesive may be used as an 
additive to wheat paste to provide extra strength and 
greater water resistance when dried. This is useful 
when rolling tubes or when pasting layers of kraft paper 
on aerial shell casings. Aliphatic resin adhesive may 
also be used in the construction of wooden setpieces 
and in the construction of wooden mortar racks. 


In rocketry: Aliphatic resin adhesive is commonly used 
to glue various balsa wood and paper rocket body parts 
together. For attaching some parts, such as fins (espe- 
cially if they are made of plastic) use of a fast-setting 
epoxy adhesive is increasingly common. 


ALKALI — A compound that is soluble in water and 
forms a strongly-basic (i.e., alkaline) solution. It neu- 
tralizes acids to form salts and water; for example, the 
reaction of sodium hydroxide [NaOH] and hydrochloric 
acid [HCl(aq)], which is highly exothermic, is the reac- 
tion: 


OH (aq) + H* (aq) > H2Oa) + heat 


Strong alkalis (e.g., those of sodium or potassium) are 
described as caustic (i.e., corrosive to skin and metals). 


ALKALI METALS — Metals in chemical group IA of the 
periodic table of the elements, consisting of lithium, 
sodium, potassium, rubidium, cesium and francium. 
Atoms of these metals have a single electron in their 
outer shell that is readily lost, which gives the members 
of this group similar chemical and physical properties. 
Alkali metals are extremely reactive and form large 
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numbers of compounds, some of which find important 
uses in pyrotechnics. 


ALKALINE — (Also basic) — An aqueous solution in 
which hydroxide ions [OH] predominate over hydro- 
nium ions [H30"]. Alkaline solutions have pH values 
greater than 7, with more alkaline solutions having 
higher pH values. 


Some chemicals used in pyrotechnics hydrolyze under 
aqueous conditions to form significantly alkaline solu- 
tions. The problem potentially arises when alkaline 
chemicals are combined with other chemicals (e.g., 
aluminum) that are attacked or otherwise sensitized 
under alkaline conditions. 


ALKALINE EARTH METALS — Metals in chemical 
group ITA of the periodic table of elements, consisting 
of beryllium, magnesium, calcium, strontium, barium 
and radium. Atoms of these metals have two electrons 
in their outer shell that are readily lost, which gives 
the members of this group somewhat similar chemical 
and physical properties. Compounds of all the alkaline 
earths, except beryllium and radium, have important 
uses in pyrotechnics. 


ALKANE — [C,,H2,+2] — (Also paraffin) — A member of the 
class of hydrocarbons having only single bonds be- 
tween any two carbon atoms. All alkanes have the 
chemical formula C,,H2,+2, where n is an integer. The 
simplest (i.e., lightest) member of this class is me- 
thane [CH,4]. The next lightest members are ethane 
[C2He], propane [C3Hs] and butane [C4H10]. The struc- 
tures of the first three alkanes are illustrated below. 


It is possible that some (or all) of the hydrogen atoms 
in alkanes can be replaced by other atoms. For example, 
in chloromethane [CH3Cl] one of the hydrogen atoms 
of methane has been replaced with a chlorine atom 
[Cl], and in ethanol (formerly named ethyl alcohol) 
[C2HsOH] one of the hydrogen atoms of ethane has 
been replaced with a hydroxyl group [OH]. These two 
structures are illustrated below. 


chloromethane 
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ALKENE -— (Also olefin or olefine) - A member of the 
class of hydrocarbons with at least one pair of carbon 
atoms linked by a double bond. The simplest (i.e., 
lightest) member of this class is ethene [C2H4] (com- 
monly named ethylene). One or more of the hydrogen 
atoms on the carbon atoms may be replaced by another 
atom or group of atoms, such as with tetrafluoro- 
ethylene [C2F4] wherein all four of the hydrogen atoms 
of ethylene have been replaced with fluorine atoms 
[F]. These two structures are illustrated below. 


tetrafluoro- 
ethylene 


ethylene 


Alkenes can be polymerized to form large molecules 
consisting of very long chains of —CH2- groups 
linked together. These chains can reach lengths of 
hundreds or thousands of carbon atoms, with shorter- 
chained polymers frequently described as low density, 
and the longest-chained polymers described as high 
density. Examples include the important industrial 
plastics polyethylene [-(CH2),-], polypropylene 
[-(CH2CHCHs),], polytetrafluoro-ethylene (Teflon™) 
[-(CF2),-], and polyvinyl-chloride (PVC) 
[+(CH2CHCl),-]. Two examples of these polymers 
are illustrated below. 


polyethylene 


ALKINE — See alkyne. 


ALKYL GROUP — (Abbreviated R or R' in organic 
chemical formulas) — An alkane hydrocarbon group 
having dropped one hydrogen atom from the formula. 
The general chemical formulas for classes of organic 
molecules (e.g., alcohols, ketones and azides) are of- 
ten presented using the symbol R or R' to stand for 
any of the possible alkyl groups. Generalized structures 
for these classes of compounds are illustrated below. 


[ketone | azide _| 


alcohol 
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ALKYNE — (Also alkine) — A member of the class of 
hydrocarbons with at least one pair of carbon atoms 
linked by a triple bond. The simplest (1.e., lightest) 
member of this class is ethyne [C2H2], commonly 
named acetylene. Alkynes are very weak acids and 
can form salts with metals. The salts formed with 
heavy metals are explosively unstable. For example, 
silver acetylide [C2Ag2], which has two silver atoms 
[Ag] in place of the two hydrogen atoms in acetylene, 
has been used in detonators. These structures are illus- 
trated below. 


H—C=C—H Ag—C=C—Ag 


silver acetylide 


ALLEN FORMULARY, THE — A notebook of firework 
formulations of the late Clair Allen that has been re- 
produced and circulated among pyrotechnists since 
the mid-1970s. This volume consists of approximately 
170 pages with more than 1600 pyrotechnic formula- 
tions listed in 64 categories. The notebook is valuable 
in that there are many formulations for a great variety 
of pyrotechnic effects, often with an attribution to the 
specific manufacturer as the source of the formula- 
tion(s). Thus, it is an unparalleled historical record of 
how fireworks were made in the US in the early and 
mid-20" century. 


ALL-FIRE CURRENT — See firing current. 


ALLOPRENE™ — A trade name for chlorinated rubber. 
Alloprene is basically the same substance as Parlon™. 


ALLOTROPE — The forms of a chemical element in the 
same physical state that differ only in structure. 
Common oxygen (i.e., dioxygen) [O2] and ozone (i.e., 
trioxygen) [Os] are allotropic forms of oxygen. 


Allotropes often have different physical and chemical 
properties. For example, diamond, graphite and full- 
erene are allotropes (or allotropic forms) of carbon; 
graphite is soft and readily marks paper, whereas di- 
amond is extremely hard. 


Charcoal is sometimes incorrectly described as an al- 
lotrope of carbon, but it is not a pure substance (i.e., it 
is not a chemical element); it is a complex material 
containing a high percentage of carbon, with its com- 
position varying considerably based on the type of 
wood and its method of preparation. 


ALLOY -— A substantially homogeneous mixture of two 


or more metals combined (often by melting) in a mix- 
ture, a compound or both. These are not mixtures in 
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the conventional sense since they cannot be separated 
by physical means. Some alloys are solid solutions 
and others are intermetallic compounds. If the alloy is 
a solid solution, the ratio of the metals in the alloy can 
vary widely and affect the physical properties of the 
metal and its pyrotechnic performance; thus, the ratio 
of the elements used should be stated. 


Some examples of alloys used in pyrotechnics and the 
common ratios (by mass) of their elements are: 


a) Note: This only lists one of several ratios that are used 
in pyrotechnics. 


The extent to which an alloy is a mixture, a compound 
or both is revealed in the phase diagram of the alloy. 


ALLOYING REACTION — The formation of inter- 
metallic compounds, typically with the release of 
thermal energy. For example, formation of the 50:50 
alloy of magnalium (i.e., magnesium-aluminum alloy) 
produces 4.3 kJ/mol of thermal energy. 


This type of energy production can be important in 
some pyrotechnic reactions. For example, the for- 
mation of an intermetallic compound of aluminum 
and nickel is thought to play an important role in the 
burning of a Pyronol torch. 


Another example of an alloying reaction is provided by 
the material described as Pyrofuze™, which uses the 
extremely exothermic alloying reaction of palladium or 
platinum with aluminum or magnesium. 


ALTIMETER — An instrument for measuring the height 
or elevation above a reference point. Often the in- 
strument is similar to an aneroid barometer in that it 
utilizes the change of atmospheric pressure with alti- 
tude to indicate the approximate elevation above a 
reference point or plane. In amateur rocketry, elec- 
tronic altimeters are often used. The most common 
ones use electronic pressure sensors. Less common, 
but often used in conjunction with the electronic pres- 
sure sensors, are accelerometer-based altimeters. The 
accuracy of accelerometer-based altimeters is degraded 
if the trajectory deviates significantly from the vertical. 


laser altimeter — An instrument on an aircraft, rocket 
or satellite that determines altitude by measuring the 
time it takes for a beam of laser light to travel to and 
reflect back from the ground directly below. Knowing 
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the velocity of light, that time is converted into an 
equivalent height or altitude. 


pressure altimeter — (Also barometric altimeter) — 
An aneroid barometer that measures the atmospheric 
pressure from a static pressure port outside an aircraft 
or rocket. In general, air pressure decreases with in- 
creasing altitude at a rate of approximately | inch of 
mercury per 1000 feet (equal to approximately 100 
millibars per 800 meters) near sea level. This type of 
altimeter is calibrated so that the pressure scale reads 
directly as an altitude above mean sea level (AMSL). 


radio altimeter — (Abbreviated RA) — (Also radar 
altimeter or low range radio altimeter - LRRA) — A 
device to measure the height above the terrain pres- 
ently beneath the vehicle in the same manner as a laser 
altimeter, except for the much longer wavelength of 
the emitted electromagnetic radiation. It provides the 
distance between an aircraft, rocket or satellite and the 
ground directly below it. Usually, it only provides 
readings up to 2500 feet (760 meters) above ground 
level (AGL). 


ALTITUDE — The vertical distance above ground level 
(AGL) of a free body (e.g., an aeromodel or a fire- 
work aerial shell). This is in contrast with the term el- 
evation, which often describes the height of the 
ground above sea mean level (AMSL) or the height of 
a structure above ground level. 


ALTITUDE DETERMINATION — The height of an object 
above the ground can be determined in several ways. 
One uses an altimeter attached to the object. 


Sight methods: If the object can be seen, visual methods 
can be used, as illustrated below. 


Object 


— >0° 
Observer Horizontal 
A simple method to determine altitude, providing the 
approximate ground distance (d) from the observer to 
the point on the ground below the object is known, 
requires only a single measurement of the object’s angle 
of elevation (£). (See elevation, angle of for a simple 
instrument and its method for determining the angle 
of elevation.) 


For objects launched approximately vertically (e.g., 
rockets and firework aerial shells), the approximate 
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ground distance from an observer to the object, is 
simply the distance from the observer to the point of 
its launch. Accordingly, the altitude (a) is: 


a=dxtanE 


If the object, or in the case of an exploding aerial shell 
its effect, is large enough to be captured using a video 
camera, a more direct method can be used. This 
method uses a camera setup at a distance sufficient to 
capture both the launch point and the object (or ex- 
ploding aerial shell) at the same time. Then, the visual 
field of view of the camera needs to be calibrated. 
During daylight, this can be accomplished by posi- 
tioning flags or markers a known distance (d) apart in 
the area of the launch point and perpendicular to the 
line between the launch point and camera, as illustrated 
below. (At night, lights or burning fusees can be used 


as markers.) 
j- Markers | 


Camera 


Next, with the camera fixed in position, a video re- 
cording is made of the object as it is launched. When 
the recording is later played back, the action is 
stopped (1.e., freeze-framed) at the point where an al- 
titude measurement is to be made. Then two meas- 
urements are made on the screen of the television 
monitor. One is the distance between the markers (d’) 
and one is the vertical distance from a line between 
the markers and object for which altitude is being 
measured (a’), as illustrated below. 


TV Screen 7 


Launch Point 
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The actual altitude of the object (a) is determined by 
proportion: 


vf 


Sight and sound methods: The approximate elevation 
of an exploding aerial display shell can be determined 
by measuring the time delay between the visual ap- 
pearance of the event and the arrival of its sound. 
Given the extremely high speed of light, the event will 
be seen almost instantaneously. Because of the much 
lower speed of sound, the sound will arrive after a de- 
tectable delay. 


A relatively easy way to accomplish this is using a 
video camera. The camera is set up near the mortar, 
aimed directly upward, and the firing and explosion of 
the shell are recorded, as illustrated below. 


<— Video Camera 
Aimed 
Straight Up 


2 2 


‘<— Mortar 


I 
I 
vl) 


Later, the video recording of the event is played back 
frame by frame (each 1/30 or 1/25 second) or preferably 
field by field (each 1/60 or 1/50 second), depending 
on the capability of the play-back equipment and the 
national television standard used. The number of video 
frames or fields occurring between the appearance of 
the event and the arrival of its sound establishes the 
time delay to within an average of one video frame or 
field. When this time delay is multiplied by the speed 
of sound, the distance to the event (i.e., its altitude) is 
determined. The speed of sound as a function of tem- 
perature is presented below. 


Speed of Sound 
cece 


One limitation of this method is that altitude meas- 
urements are only made to an average precision of 
approximately 20 or 40 feet (6 or 12 m) depending on 
whether the time delays are determined to the nearest 
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1/60 or 1/30 second. This is usually only a minor limi- 
tation because the average variability of the aerial 
shell burst height of even identical aerial shells is sig- 
nificantly greater than this. 


An instrument that makes more precise use of this 
method is the Pyro-Meter II (shown below), which can 
measure the distance to an explosion to the nearest foot. 


PYRO - METER I! 


The instrument uses a special, directionally-sensitive 
microphone and a high-sensitivity optical detector; 
both are aimed upward and can have their thresholds 
set to compensate for ambient light and sound condi- 
tions. The instrument can also be calibrated using 
small explosions at a known distance on the ground. 
When measuring the burst height for an aerial shell, 
the instrument is normally also used to fire the shell 
with an electric match. This results in the microphone 
being electronically disabled for 2 seconds to block 
the sound of the mortar firing. 


ALUMINA — See aluminum oxide. 
ALUMINIUM — Alternative spelling for aluminum. 


ALUMINIZED EXPLOSIVE — A high explosive to which 
aluminum metal powder or flake has been added, for 
example, ammonal. 


ALUMINUM — [Al] — {CAS 7429-90-5} — (The US and 
Canadian spelling is aluminum; the JUPAC recom- 
mends the spelling as aluminium, which is used in 
many countries.) 


Aluminum is an important, energetic metal fuel in py- 
rotechnics and explosives. Aluminum is a metallic 
chemical element, atomic number 13. It is commer- 
cially produced from the mineral bauxite, a hydrated 
aluminum oxide. Aluminum powder varies in appear- 
ance from bright silver to dark gray depending on the 
size and morphology of the particles. 
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Characteristic 


a) Code for reference source, see preface. 
b) In an excess of oxygen to form aluminum oxide [Al2O3]. 


Health information: TLV-TWA: 1 mg/m? (respirable 
dust) or 15 mg/m? (total dust). 


UN_ hazard classification: PSN: aluminum, powder 
uncoated (non-pyrophoric); HC: 4.3 — flammable, 
dangerous when wet (UN 1396). 


Chemical properties: Aluminum is very reactive; on 
exposure to the air, it very quickly forms a protective 
coating of aluminum oxide [Al,O3]. This coating 
makes aluminum and its alloys resistant to ordinary 
corrosion. However, aluminum is attacked by many 
acids: 


Als) + 3 H30%(aq) + 3 HOW > 
Al(H20)«6**(aq) + 3 Ha(g) 


The hydrated aluminum ion [Al(H2O).*"] is unstable 
in a dilute aqueous solution and converts to aluminum 
hydroxide [Al(OH)3]: 


Al(H20)¢6**(aq) <2 AI(OH)3(s) + 3 H3O0‘(aq) 


Aluminum readily dissolves in dilute nitric acid 
[HNO3] but not in concentrated nitric acid, which pas- 
sivates the surface by increasing the thickness of the 
protective aluminum oxide film. Aluminum also dis- 
solves in alkali, liberating hydrogen gas and forming 
aluminates [AI(OH)a ]: 


2 Al(s) + 2 OH (aq) + 6 H2OQ) > 
2 Al(OH)s (aq) + 3 Hag) 


Aluminum reacts with nitrates in an alkaline solution, 
to form ammonia. This reaction can cause problems in 
the manufacture of pyrotechnics (discussed below). 


Chemical incompatibilities: A dangerous and often un- 
anticipated adverse chemical reaction may occur with 
aluminum in the presence of moisture, especially if 
the contact with water is prolonged. A wet mixture of 
a nitrate ion [NO3 | and aluminum will react to pro- 
duce ammonia [NHs]: 
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3 NO3 (aq) + 8 Als) + 18 H2OW > 
3 Al(OH)« (aq) + 5 Al(OH)xs) + 3 NH3(g,aq) 


The products of this reaction are alkaline because of 
the following equilibria: 


Al(OH)a (aq) <> Al(OH)3(s) + OH (aq) 
NH3(aq) + H20q) <> NHa'(aq) + OH (aq) 


The alkaline products of the reaction and the heat 
produced accelerate the attack on the aluminum, with 
the generation of noxious ammonia gas and more heat, 
which can eventually result in spontaneous ignition. 
This problem, which was particularly troublesome to 
the manufacturers of wire-cored sparklers, was solved 
in 1924 by the American pyrotechnist Henry B. Faber 
(1877-1938) (US Patent 1,529,778). It was realized 
that the problem was caused by the fact that in the 
composition often contained magnesium carbonate, 
which caused the wet composition to be slightly alka- 
line. Faber discovered that the addition of a weakly 
acidic substance to the composition prevented the 
mixture from becoming alkaline. The material specif- 
ically recommended was calcium monophosphate, but 
it was stated that any weakly acidic substance would 
be satisfactory. Today, boric acid is routinely added to 
compositions containing aluminum and water to pre- 
vent undesirable reactions. 


An especially dangerous situation arises if a source of 
chlorate ions [C1O3 ] is also present in a composition 
containing nitrate ions and aluminum. In the presence 
of moisture, nitrate ions and aluminum can react chem- 
ically to form ammonium ions. These can combine 
with chlorate ions, already present in the mixture, to 
form spontaneously-explosive ammonium chlorate 
[NH,C103]: 


3 NO3 (aq) + 8 Als) + 18 H2OW > 
5 Al(OH)3(s) + 3 Al(OH)4 (aq) + 3 NH3(g,aq) 


Al(OH)a (aq) SS Al(OH); (s) + OH (aq) 


NHa(aq) + H2Oq) + Cl1O3 (aq) <> 
NH4"(aq) + C1O3 (aq) + OH (aq) 


NH4'‘(aq) + ClO3 (aq) <> NH4ClO3xs) 


Ignition or explosion of the composition is encour- 
aged by the further exothermic reaction of the hydrox- 
ide ions [OH ] with aluminum. 


This non-obvious production of ammonium chlorate, 
combined with the self-heating of the mixture, pro- 
duced several powerful explosions of pyrotechnic 
compositions containing these ingredients when they 
remained dampened for prolonged periods. 
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The resistance of aluminum toward various solid 
chemicals in the wet state at room temperature is pre- 
sented below (Shimizu, 1981). 


Chemical Aluminum 


a) Sodium chloride [NaCl] {CAS 7647-14-5}. 

b) Sodium hydroxide [NaOH] {1310-73-2}. 
Note: The table symbols are defined as follows: 
| | No reaction occurs. 


! 
tin sa sti sins neon endnote | 


1 
H Very slightly attacked but useful | 


See tin practice, 
iX__jAttacked slowly, 
1XX  |Attacked considerably. 1 


Pp a==<== = 4 


XXX 1 Attacked actively. ' 
'XXXX | Attacked violently. 


oy | Denotes the level of resistance 
| when heated to about 60 °C and 
| may occur spontaneously at 


' room temperature upon standing. 


ees y pisceeehlinehste rel mteaenaahcrehieaetheed ychecl sh ee eli dain k JUN | 


Particle morphology: For information on the types of 
aluminum powders, their common descriptions and 
manufacturing methods see aluminum powder descrip- 
tion and aluminum powder manufacturing method. 


In fireworks: Aluminum is commonly used in the form 
of fine particles as an especially energetic fuel in var- 
ious pyrotechnic compositions, most notably in explo- 
sive flash powders. Even in the slow-burning, wire- 
cored sparkler, aluminum is a useful high-energy fuel. 
Aluminum or some of its alloys, such as magnalium, 
seems to be an essential ingredient in producing glitter 
effects. Relatively large particle-size aluminum (typi- 
cally flake aluminum) is also commonly used as a 
white spark-producing material in comets, fountains 
and gerbs. Aluminum is occasionally used as a flame- 
brightening fuel; when the metal is used in colored- 
flame compositions, the aluminum oxide that forms 
tends to weaken the purity of the color. (See colored- 
flame chemistry.) 
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In rockets: Aluminum is a high-energy fuel used in 
some composite rocket propellants, typically approx- 
imately 20% by weight. Also, a small amount of alu- 
minum metal powder may be added to smokeless and 
reduced-smoke propellants to help suppress acoustic 
rocket motor combustion instability in rocket motors. 
This is accomplished by the presence of the reaction 
product, aluminum oxide, which tends to damp-out 
the undesired acoustic transients. 


In explosives: Aluminum may be added to explosives 
to modify their performance. The addition of alumi- 
num results in a considerable increase in the heat of 
explosion. 


In metallurgy: Aluminum is used in Goldschmidt reac- 
tions (most notably in thermites and thermates) to 
produce molten metals from the oxides of the other 
primary ingredient. These reactions are used construc- 
tively to produce molten iron for welding and have 
been used to prepare chromium and other metals for 
use as alloying agents. These reactions are also used 
destructively in some munitions. 


ALUMINUM, AMERICAN DARK — A vague description 
for an especially fine-flake aluminum made by milling 
tiny particles of aluminum metal. This contrasts with 
the German dark aluminum manufacturing process, 
which introduces some carbon into the aluminum 
flakes. (See aluminum powder description.) 


ALUMINUM, BLACK-HEAD and ALUMINUM, BLUE- 
HEAD — See aluminum, German dark. 


ALUMINUM, BLUE — A proprietary name for a blend of 
various grades of atomized and flake aluminum pow- 
ders, optimized for the preparation of flash powder. 
Reportedly, flash compositions prepared with blue 
aluminum are less sensitive to accidental ignition than 
are conventional flash powders and need to be ignited 
under strong confinement to burn explosively. 


ALUMINUM BRONZE POWDER - (Also aluminum 
pigment, paint grade aluminum or varnish grade alu- 
minum) — This term was originally used for the com- 
mercially-produced aluminum powder introduced in 
Germany in the early 1890s. The product was so 
called because it was made by subjecting aluminum to 
the same manufacturing process used to produce flaked 
brass powder for use as a gold-colored pigment. See 
aluminum powder manufacturing method (flake alu- 
minum powder). 
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ALUMINUM CARBIDE — [AlsC3] — {CAS 1299-86-1 
and 12656-43-8} — (Also tetraaluminum tricarbide or 
aluminum methanide) 


Aluminum carbide is thought by some to be an inter- 
mediary fuel responsible for the flash reaction of fire- 
work glitter effects. It can be formed by direct union 
of the elements at high temperature. Aluminum car- 
bide is a pale yellow to brown powder. 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 
b) Reacts with water to form methane. 


Health information: TLV-TWA: 1 mg/m? as respirable 
dust. 


UN_hazard_ classification: PSN: aluminum carbide; 
HC: 4.3 — flammable, dangerous when wet (UN1394). 


ALUMINUM, FLAKE -— See aluminum powder manufac- 
turing method. 


ALUMINUM, FLITTER — A type of flake aluminum in 
which the flakes, although still quite thin, are relatively 
large in the other directions (ranging from approxi- 
mately 10 to 60 mesh). An example of 20 to 50 mesh 
flitter aluminum is shown below in a photomicro- 


graph. 


Note the wide variation in the size and shape of the 
individual particles. This is important because the 
flakes may tend to distribute themselves unevenly 
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within its storage container, especially during trans- 
portation or after long periods of storage. As a result, 
the performance of a composition may change some- 
what from one batch to the next, even when the alu- 
minum is taken from the same container. 


The flakes are typically coated with a lubricant, such 
as stearin, to help prevent their sticking together during 
the manufacturing process. 


In fireworks: Flitter aluminum is used as a relatively 
long-duration white spark-producing material, for ex- 
ample, in stars and fountains. This aluminum spark ef- 
fect is often described as a flitter effect, as in a flitter 
fountain or gerb. (The term flitter, by itself, is some- 
times used as synonym for glitter.) 


ALUMINUM FOIL TAPE — A relatively wide (usually 2 
inches, 50 mm, but also wider or narrower), heavy- 
gauge aluminum foil tape with substantial tensile 
strength and a strong adhesive backing. An example 

of this tape is shown below in two views. 


HY 


apes 
ane esertcecs 


Aluminum foil tape is useful for a variety of opera- 
tions in pyrotechnics. Unlike most other types of tape, 
it will not burn away. Also, as it has an extremely 
sticky and strong adhesive, so it tends not to loosen 
from the surface to which it has been applied. The 
tape is manufactured for use with heating, ventilation 
and air conditioning ducts, and it can often be pur- 
chased at large hardware stores. 


In pyrotechnics: Aluminum foil tape can be used to 
secure in place and protect electrical cables and fusing 
from sparks and burning debris (shown below, left). 
Aluminum foil tape can also be used to protect sur- 
faces to which quick match or other fuses have been 
fastened (below, right). It can be used at firework sites 
for a variety of field repairs, when an attachment 
needs to be secure and fire resistant. Because alumi- 
num is electrically conductive, precautions should be 
taken when using aluminum foil tape in the immediate 
area of electrical wiring to avoid short circuits. 


Page 57 


ALUMINUM, GERMAN DARK - (Also dark pyro alu- 
minum or German dark) — A type of extremely fine- 
flaked and highly-reactive aluminum powder pro- 
duced in Germany and commonly used in firework 
flash powders. (See aluminum powder manufacturing 
method.) German dark aluminum is especially useful 
in small devices where superior performance in small 
quantity is needed, and in applications where cost is 
not an issue. 


The black-head, blue-head and yellow-head designa- 
tions for German dark aluminum are said to have 
originated from the color of the lid (i.e., head) of the 
barrel in which the material was exported from Ger- 
many. This color-coding indicated the particle size, 
with the black-head being the smallest particle size 
and yellow-head being the largest (although still rela- 
tively small) particle size. 


ALUMINUM, INDIAN BLACKHEAD - A type of alumi- 
num powder manufactured in India, reportedly by the 
same process formerly used to produce German dark 
aluminum. 


ALUMINUM-MAGNESIUM ALLOY — See magnalium. 
ALUMINUM METAL, SPOT TEST FOR - See spot test. 
ALUMINUM METHANIDE — See aluminum carbide. 
ALUMINUM MONOXIDE — [AIO’] — A reaction product 
expected to occur as a gaseous free radical in high- 
temperature flames of compositions containing alu- 
minum. Molecular emission bands from aluminum 
monoxide probably contribute to the white light emit- 


ted by these flames. 


ALUMINUM MORTAR — See mortar (fireworks). 
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ALUMINUM OXIDE — [AlO3] — {CAS 1344-28-1} — 
(Also alumina; the mineral corundum and in a hydrated 
form as bauxite) 


Aluminum oxide is the major reaction product from 
the burning of aluminum (and magnalium); it is present 
in the smoke generated from burning compositions 
containing aluminum. Aluminum oxide is colorless as 
crystals and white as a powder. 


a) Code for reference source, see preface. 
b) Density is for activated alumina. 


Health information: TLV-TWA: 1 mg/m? (respirable 
dust). 


UN hazard classification: not regulated. 
ALUMINUM PIGMENT — See aluminum bronze powder. 


ALUMINUM POWDER DESCRIPTION — Aluminum 
metal powder is available in great variety. Apart from 
charcoal, aluminum is perhaps the most variable of all 
pyrotechnic ingredients. Its accurate description is of- 
ten critically important in pyrotechnic formulations. 
To simply list aluminum as an ingredient without 
specifying its particle shape and size is ambiguous 
and the proper performance of the composition may 
not be achieved. 


A proper description of the aluminum powder used in 
a formulation includes not only the type (i.e., particle 
shape) (see aluminum powder manufacturing method) 
but also a reasonably complete description of particle 
size. This is best done by specifying the powder’s 
mesh fractions or at least giving an average particle 
size. For flaked-aluminum powder, it is also important 
to know something about the thickness of the flakes, 
which will be by far its smallest average dimension, 
and which greatly controls its pyrotechnic reactivity. 
The most common way of specifying flake thickness is 
to provide its specific surface area (or the equivalent). 


Knowledge of the particle size of metal fuels is espe- 
cially important because it has a major effect on the 
burn rate of the composition used with that metal fuel. 
(See burn rate, factor affecting.) Unfortunately, the 
particle size information offered for many pyrotechnic 
compositions (especially firework compositions) is 
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often insufficient to permit the accurate reproduction 
of a composition and its effects. 


All too frequently, the only particle size information 
provided is the use of vague adjectives such as bright, 
light, dark or pyro, with no particle shape and size in- 
formation. These four terms can be broadly interpreted 
to mean the following. 


The descriptions ‘bright’ and ‘pyro’ imply that the alu- 
minum powder is flaked. The description ‘bright’ sug- 
gests relatively large flakes that are reflective and ap- 
pear shiny (i.e., bright). Bright aluminums are often 
most suitable for producing spark effects. The de- 
scription ‘pyro’ applies to flake aluminum that is in- 
tended for use in pyrotechnics, rather than as a silver 
pigment. Its relatively small flakes are less reflective 
and appear less bright (making the material unfit for 
use as a pigment). Pyro aluminums are typically most 
suitable for making exploding compositions, such as 
flash powders. 


The description ‘light’ suggests relatively large parti- 
cles that appear light gray in color, and that may be 
most suitable for making either spark or glitter effects. 
The description ‘dark’ suggests relatively small parti- 
cles that appear a darker gray, and it may be most 
suitable for flame brightening or for making explod- 
ing compositions, such as flash powders. 


Sometimes added confusion is introduced by combin- 
ing the terms dark and pyro to describe an aluminum 
metal powder. This usually means especially fine 
flake aluminum, with the greatest potential for making 
highly reactive flash powders. 


A useful alternative for the specification of aluminum 
powders is to give the manufacturer and the product 
number. While this is unambiguous, it has the disad- 
vantage that, unless the manufacturer’s specifications 
are known, it is not possible to identify a suitable re- 
placement when, as inevitably seems to happen, the 
specified product ceases to be available. 


ALUMINUM POWDER MANUFACTURING METHOD — 
The three common methods for producing aluminum 
metal powders are atomization, graining and flaking. 


atomized aluminum powder -— This refers to alu- 
minum powder made by dispersing molten aluminum 
into droplets that cool while they are still in flight and 
solidify into powder. This can be accomplished by 
several means. Centrifugal atomization is carried out 
by causing molten aluminum to fall onto a graphite 
disc rotating at very high speed. It is mainly used for 
making specialized aluminum alloys for powder met- 
allurgy. A relatively new technique uses an ultrasonic 
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transducer to disperse the molten metal. The most 
common methods of preparing atomized aluminum 
powder are processes in which molten aluminum is 
sprayed into a high-velocity gas stream. 


These processes can produce a range of particle sizes 
and shapes, depending on the conditions of manufac- 
ture. If the gas into which the metal is being sprayed 
contains only a trace of oxygen, the surface of each 
molten droplet is not fully covered by a crust of solid 
aluminum oxide and the surface tension of the clean 
surface can then draw the droplet into a spherical 
shape. The droplets solidify on cooling to produce 
spherical atomized aluminum powder in which the 
particles are roughly spherical in shape as shown in 
the electron micrograph below. 


Using the same atomization process with somewhat 
more oxygen present in the gas into which the metal is 
being sprayed results in particle shapes that are less 
spherical, but still well-rounded (as shown in the elec- 
tron micrograph below). The less spherical shapes are 
the result of the rapid formation of a rigid oxide coating 
or shell on the individual aluminum particles before the 
particles have time to assume a more spherical shape, 
which would otherwise be caused by the surface tension 
of the molten droplets. This type of powder is com- 
monly described as pepuerONay atomized aluminum. 
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Using the same atomization process, but with even 
more oxygen present in the gas into which the metal is 
being sprayed, results in particle shapes that are even 
less spherical, but still having somewhat rounded fea- 
tures (as shown below). This is a result of the even 
more rapid formation of a rigid oxide shell on the in- 
dividual particles. This type of powder is sometimes 
described as blown aluminum, and it visually appears 
somewhat like grained aluminum powder. 
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While the image shown below is of an alloy of 70:30 
aluminum and iron, it serves as a useful example of 
the appearance of grained aluminum. (The light versus 
dark appearance of the particles is an artifact of the 
electron microscopy.) 


grained aluminum powder — Atomized aluminum 
of large particle size is sometimes described as 
grained or granulated aluminum, but the term grained 
aluminum normally applies to aluminum metal powder 
made by slowly stirring molten aluminum as it cools. 
This produces rough, irregularly-shaped grains having 
aparticle size typically above 400 microns (1/64 inch). 
Grained aluminum is the preferred type for use in 
Thermite welding, as the large particle size produces a 
suitably moderate burn rate. 
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granulated aluminum — This is produced by pouring 
molten aluminum through a vibrating iron sieve and 
allowing the droplets to fall into water. The particles 
produced in this manner are flattened drops up to 
about 12 mm (% inch) in diameter. The particle size 
of this material is too large to be useful in pyrotechnics; 
granulated aluminum is mainly used in metallurgy, 
particularly for the deoxidation of steel. 


flake aluminum powder — Probably the most com- 
mon type of aluminum powder used in pyrotechnics is 
that formed of small irregular shaped, flat particles. 
One common way to make this material uses atomized 
aluminum, granulated aluminum or shredded alumi- 
num foil, which is hammered or ball-milled into thin 
flakes (shown in the electron micrograph below). This 
process was originally carried out in stamp mills, but 
ball milling is now more common. A lubricant such as 
stearin is often used to help keep the newly-flaked par- 
ticles from being hammered back together as thicker 
and larger agglomerations of individual particles. 
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In another process, aluminum foil is glued onto sheets 
of very thin, low-ash paper, then the resulting lami- 
nate is shredded, and the paper is carbonized by heat. 
The carbon-coated aluminum flakes are then milled to 
very fine powder without the use of a lubricant. Alu- 
minum metal powders prepared in this manner are of- 
ten described as German dark aluminum. This type of 
aluminum is highly reactive and has a high density for 
a flaked aluminum. 


ALUMINUM SILICATE — [xAl.O3-ySiO2] — {CAS 1302- 
93-8} — (Also the mineral mullite, which has two stoi- 
chiometric forms 3Al203-2SiO2 or 2A1203-SiO2) 


Aluminum silicates and their hydrates are components 
of the clays used in firework end plugs, chokes and 
nozzles. Aluminum silicates are colorless as crystals 
and white as powder, but clays containing aluminum 
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silicates are often colored by various iron oxides that 
are present. 


Health information: TLV-TWA: 10 mg/m’ (respirable 
dust). 


UN hazard classification: not regulated. 


ALUMINUM SULFIDE — [A1,S3] — {CAS 1302-81-4} 


Aluminum sulfide is thought by some to be an inter- 
mediary fuel responsible for the flash reaction of 
firework glitter effects. It is formed by direct union of 
the elements. A mixture of aluminum powder and sulfur 
burns brightly when ignited, forming aluminum sulfide. 
Aluminum sulfide is a yellowish white to gray hygro- 
scopic powder, with a strong odor of hydrogen sulfide 
[H2S], which is produced by reaction with moisture in 
the air: 


AbS3x(s) + 6 H20@.) > 2 Al(OH)3(s) + 3 H2S@) 


Characteristic 


Fo 


(s) = sublimes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 1 mg/m? (as Al) (res- 
pirable dust). 


ALUMINUM, YELLOW-HEAD — See aluminum, German 
dark. 


AMATEUR ROCKET - (Also hobby rocket) — According 
to the US Code of Federal Regulations “Title 14: 
Aeronautics and Space”, there are 3 classes of ama- 
teur rockets. 


Class 1 — model rocket — A model rocket is an am- 
ateur rocket that meets the following parameters: 


e Uses no more than 125 grams (4.4 oz) of propellant. 
e Uses a slow-burning propellant. 

e Is made of paper, wood or breakable plastic. 

e Contains no substantial metal parts. 


e Weighs no more than 1500 grams (53 oz), including 
the propellant. 


Class 2 — high power rocket — A high-power 
rocket is an amateur rocket exceeding the limitations 
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for a Class 1 amateur rocket that is propelled by a mo- 
tor(s) with a combined total impulse of 40,960 new- 
ton-seconds (9,208 pound-seconds) or less. 


Class 3 — advanced high-power rocket — An ad- 
vanced high-power rocket is an amateur rocket ex- 
ceeding the limitations for a Class 2 amateur rocket 
(i.e., high power rocket). 


In the past, the term amateur rocket was sometimes 
used to refer to experimental or research rockets, 
which are currently in the category of Class 3 amateur 
rockets. 


AMATEUR ROCKET FLIGHT PHASE -— See rocket 
flight phase, amateur. 


AMATEX — A World War II aircraft bomb-filling 
composition containing ammonium nitrate (AN), hexa- 
hydro-1,3,5-trinitro-1,3,5-triazine (RDX) and trinitro- 
toluene (TNT). 


AMATOL — An explosive developed by the British for 
military artillery applications such as small artillery 
shell filling. It is composed of ammonium nitrate 
(AN) and trinitrotoluene (TNT) mixed in certain pro- 
portions (e.g., 80 AN:20 TNT). 


AMBER POWDER - [processed biological product] — 
{CAS 9000-02-6} — (Also Baltic amber, yellow amber, 
karabe, kunroku or konruko) 


Amber powder is a fossilized tree resin (primarily 
pine resin) that was once used in powdered form as a 
pyrotechnic fuel. Today, it is occasionally used in in- 
cense. Amber powder is a light yellowish to dark 
brown powder. 


UN hazard classification: not regulated. 


Baltic amber — [processed biological product] — 
{CAS 9000-02-6} — (Also amber, Bernstein or suc- 
cinite) 

Baltic amber is a fossil resin from the extinct pine tree 
(Pinites succinifera) found along the Baltic coast and 
mined in Samland (East Prussia). 


AMBIENT or AMBIENT CONDITION — The immediate 
environmental conditions of an event or experiment 
(i.e., temperature, pressure or humidity). Thus, the 
ambient temperature for an experiment conducted on 
a bench top in the laboratory would simply be the 
room temperature. Ambient pressure for an explosion 
taking place at high altitude is the air pressure at that 
altitude. 
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Ambient noise is the overall noise associated with a 
given environment. Usually it is a composite of 
sounds from both near and distant sources. 


AMERICAN CONFERENCE OF GOVERNMENTAL IN- 
DUSTRIAL HYGIENISTS — (Abbreviated ACGIH) — 
An organization devoted to the administrative and 
technical aspects of occupational and environmental 
health. The organization is open to all practitioners in 
industrial hygiene, occupational health, environmental 
health or safety. Their three primary activities are the 
development of: 1) engineering standards for industrial 
ventilation; 2) air quality guidelines for the workplace 
described as threshold limit values (TLV™s) (See 
toxicology, regulatory term (threshold limit value).); 
and 3) guidelines for worker exposures described as 
Biological Exposure Indices (BEI™s). The TLVs and 
BEIs represent a scientific opinion based on a review 
of existing peer-reviewed scientific literature by 
committees of experts in public health and related sci- 
ences. For more information visit their web site: 
www.acgih.org. 


AMERICAN DARK ALUMINUM — See aluminum, Amer- 
ican dark. 


AMERICAN FIREWORKS NEws — (Abbreviated AFN) 
— A monthly newsletter-style publication with issues 
averaging about 14 pages. It is a publication for fire- 
work enthusiasts, hobbyists and firework company em- 
ployees. It was first published in 1981 and continues 
today. The general appearance of the publication is 
shown farther below. 


The content of “American Fireworks News” includes: 
explanations and tutorials on how fireworks are made 
and operate, first person articles about various activi- 
ties including performing and attending firework dis- 
plays, descriptions and analysis of materials used in 
fireworks, evaluations of new firework products, re- 
ports ofresearch on pyrotechnic devices and processes, 
editorials and letters to the editor, along with both 
display and classified advertising. For more infor- 
mation see: www.fireworksnews.com. 


AMERICAN FIREWORKS STANDARDS LABORATORY 
— (Abbreviated AFSL) — An organization that estab- 
lishes voluntary standards for the construction and 
performance of consumer fireworks. It also establishes 
programs to monitor consumer fireworks imported in- 
to the US for compliance with the standard. For more 
information see: www.afsl.org. 
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COMMENTS ON 3-INCH MINES 


By Serguei Postoliako 


I would like to tell about mine 
construction, I am very glad to to 
do this, since I did it many times, 
and it worked very well for me. It 
is my personal way that I devel- 
oped because I was unable to find 
information on mine construction 
from other sources, thus {ts not 
a new method; it is only the 


method I was able to work out for [7 


myself, and, of course, it is 
probably well known for other py- 
ros. Other techniques may be 
used to achieve similar results or 
somewhat other effects; this one I 
am going to describe. always gave 
me more than satisfactory re- 
sults. 


For 8” mines, here is my proc- 
ess: 


(1) The mine bag is 3 or 4 turns 
rolled on the former from medium 
weight Kraft-paper, and then the 
end of the paper is pasted with 
glue and glued to the tube 


(2) Then, the former is with 
drawn from the tube in such 
fashion so as to free one end of 
the tube, and this end is tied with 
strong twine in several turns and 
tightened firmly. The surplus of 
the tube end and twine are care- 
fully cut off. 


billions or flash as meine 
used it is possible to pierce fewer 
and insert the fuses of the little 
devices in them, before placing 
inside the bag. The second disc 
may be pierced im the center with, 
a larger hole, or it may be used 
intact, if the leader is going to be 
placed nearby the inner surface, 
and not in the center. 

(5) I preferred to use the central 
leader if using stars, so as when 
the fire impulse is propagated 
downwards to the lifting charge of 
Black Powder, the fire front might 
ignite the stars more efficiently 
before they are discharged from 
the mine. For little closed tube 
devices, it is not essential; both 
methods (central and on the side) 
work equally well. 

(6) Now, the assembly might 
proceed as follows - in the pre- 
pared mine bag tube, dried and 


(8) Two cardboard dises with [ied from the one end, the charge 
diameter of the mine bag are cut: of BP is poured on the bottom of 
they should pass into the bag the bag. You must decide what 
without resistance, but not to be kind of the powder you use, and 
too small so as to fall inside the how powerful it Is, and other fac- 
bag at once. tors should be taken into consid- 
eration. I usually used 50 grams 
of the excellent military Black 
Powder in glazed granules of 2Fa 
or Cannon in size for the 3" mine. 
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er (4) One disc is pierced in several 
places and in the center. If stars 
or comets are to be used in the 
mine I recommend to pierce more 
numerous little orifices, in any (7) Let’s suppose we are making 
suitable order; if serpents, tour- a star mine. The quickmatch 
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AMERICAN INDUSTRIAL HYGIENE ASSOCIATION — 
(Abbreviated AIHA) — An organization serving the 
needs of occupational and environmental health pro- 
fessionals practicing industrial hygiene in industry, 
government, labor, academic institutions and inde- 
pendent organizations. One of their committees de- 
velops Workplace Environmental Exposure Levels. 
See their website: www.aiha.org. 


AMERICAN INSTITUTE OF AERONAUTICS AND AS- 
TRONAUTICS — (Abbreviated AIAA) — The world’s 
largest professional society devoted to the progress of 
engineering and science in aviation, space and de- 
fense. For more information see: www.aiaa.org. 


AMERICAN PIONEER POWDER™ — A Black Powder 
substitute using ascorbic acid (i.e., vitamin C) as its 
primary fuel and without sulfur (somewhat along the 
lines of Golden Powder.) 


AMERICAN PYROTECHNICS ASSOCIATION — (Ab- 
breviated APA) — A trade association promoting fire- 
works safety and use in the US. For more information 
see: WwWw.americanpyro.com. 


AMERICAN PYROTECHNIST and AMERICAN PYRO- 
TECHNIST FIREWORKS NEWS See Fireworks 
News. 
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AMERICAN ROCKETEER — (Abbreviated AR) — A 
rocketry publication that first appeared in 1966 and 
continued for approximately four years. While its con- 
tents were fairly typical (including product announce- 
ments, club news, rocket plans and reports on aero- 
space events), it was relatively heavy on advertising. 


AMERICAN SPACE MODELING — (Acronyms AmSpac 
and AmSpam) — The journal of the National Associa- 
tion of Rocketry (NAR). It was previously known as 
The Model Rocketeer until it underwent yet another 
name-change to Sport Rocketry starting in 1993. 


AMERICAN TABLE OF DISTANCES — A table issued 
by the Institute of Makers of Explosives (IME) that 
sets out standards for safe quantities and distances for 
the storage of explosives. These distances (from in- 
habited buildings, public highways, passenger rail- 
ways and other stored explosive materials) are re- 
quired in the US by various regulatory authorities. 
(See quantity-distance table for a partial listing of this 
information.) 


AMERICAN WIRE GAUGE — (Abbreviated AWG) — For 
wire gauge size and resistance information, see wire, 
resistance (copper). 


AMIDE POWDER or AMIDPULVER — A composition 
containing potassium nitrate, ammonium nitrate and 
charcoal. It produces a flashless and almost smokeless 
discharge when fired from artillery, but it has the dis- 
advantage of being quite hygroscopic. It was used by 
the German army in World War I as a cannon powder. 


AMINE — An organic compound formed when one or 
more of the hydrogen atoms in the ammonia molecule 
[NH3] are replaced by an alkyl group. 


If one hydrogen atom is replaced, the amine is de- 
scribed as a primary amine. If two are replaced, the 
amine is described as a secondary amine, and if all 
three are replaced, the amine is described as a tertiary 
amine. Ifa fourth hydrocarbon group is added, forming 
a bond with nitrogen’s lone pair of elections, the re- 
sulting compound is described as a quaternary ammo- 
nium ion. 


Hexamethylene-tetramine, also known as hexamine, is 
an example of a tertiary amine of interest in fireworks 
(as a fuel) and in explosives (used in the manufacture 
of RDX, hexahydro-1,3,5-trinitro-1,3,5-triazine). 


AMINOFORM - See hexamethylene-tetramine. 
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A MIXTURE -— An obsolete primary explosive composi- 
tion for use in percussion caps (see primer, small-arms). 
It consisted of mercury(II) fulminate, potassium chlo- 
rate and antimony(III) sulfide in a range of different 
percentages. 


AMMINE — An inorganic coordination compound that 
contains the ammonia molecule [NH3] bonded to a 
metal ion. 


AMMONAL - A high-explosive mixture initially devel- 
oped in Austria. Some variations are presented below 
(Davis, 1943); formulations 1 and 2 are German and 
formulation 3 is French. 


Formulation —| Parts by Weight 
Ingredient | (3) 


Ammonal is sometimes used as a bursting charge in 
high-explosive projectiles and produces bright flashes 
on detonation. It was also used as a filling for military 
mines. 


AMMON GELATIN DYNAMITE and AMMON GELIGNITE 
— See blasting gelatin. 


AMMONIA — [NH3]— {CAS 7664-41-7} — (Also azane) 


Ammonia isa gas that may be encountered as a product 
of adverse chemical reactions in pyrotechnic composi- 
tions (e.g., see aluminum). Ammonia is a colorless gas 
with a sharp, intensely irritating odor. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 25 ppm. 


AMMONIUM BICHROMATE — See ammonium dichro- 
mate. 


AMMONIUM CARBAZOATE -— See ammonium picrate. 
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AMMONIUM CATION — See ammonium ion. 


AMMONIUM CHLORATE — [NH,CI1O3] — {CAS 10192- 
29-7} — (Also ammonium salt of chloric acid) 


Ammonium chlorate may spontaneously explode, es- 
pecially upon modest heating. It combines a powerful 
oxidizer (the chlorate ion [CIO3 ]) and an oxidizable 
component (the ammonium ion [NH,']) in the same 
crystal. Ammonium chlorate is colorless as crystals, 
white as a powder, but it turns yellowish and develops 
a strong chlorine-like odor on standing. 


Characteristic (a) 


a) Code for reference source, see preface. 


(e) = Usually explodes on heating. “When heated, it sud- 
denly decomposes at 215° F, and with the appearance 
of red light” (Wachter, 1844). 


Hazard: May spontaneously explode. 


Chemical properties: Ammonium chlorate decomposes 
slowly on standing and may explode spontaneously. It 
is shock sensitive. A study (Solymosi, 1969) of the slow 
decomposition of ammonium chlorate, below 70 °C, 
reported that the reaction was complex but could be 
approximated by the equation: 


16 NH4ClO3 > 2 NH4NO3 + 4N2 + 7Ch + 
2N20 + 2 ClO) + 402 + 28 H2O0 


The reaction was reported to be autocatalytic and to 
have an activation energy ranging from 92 to 105 
kJ/mol. The same investigators reported that the ex- 
plosion reaction was: 


2 NH,~ClO; > 4H2O + Ch + Or + No 


This does not agree with the results of thermodynamic 
modeling, which suggests that the explosive decom- 
position reaction is very close to: 


4 NHuClOxs) > 
6 H,Oig) + 4 HChg) + 3 Ong) + 2 Nx) 


The enthalpy of this reaction at 298 K is —223 kJ/mol 
of ammonium chlorate, which leads to an equilibrium 
reaction temperature of 1870 K. The calculated vol- 
ume of the gaseous products at this temperature is 575 
I/mol (5.67 1/g) of ammonium chlorate, The very low 
activation energy and the formation of a large volume 
of gaseous decomposition products at a high tempera- 
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ture make ammonium chlorate a powerful, and highly 
sensitive, explosive. 


Chemical incompatibilities: Ammonium chlorate can 
be formed unintentionally if ammonium salts are 
mixed with chlorates, particularly if the mixture is wet 
and the solubilities of the compounds are such as to 
drive the double-decomposition reaction to completion. 
For example, a moist composition containing ammo- 
nium perchlorate [NH4ClO,4] and potassium chlorate 
[KCIO3] can undergo the (double decomposition) re- 
action: 


NH«ClOy + KCIO3; > KClOg + NHgClO3 


In this case, since potassium perchlorate [KC1O,] is 
the least water-soluble of the four compounds, the re- 
action is driven to the right to form ammonium chlo- 
rate. Such mixtures tend to be self-heating, potentially 
leading to spontaneous ignition or explosion. 


Ammonium chlorate can also be formed within mois- 
tened compositions that include aluminum, a nitrate and 
a chlorate. (See aluminum: chemical incompatibilities. ) 


AMMONIUM CHLORIDE -— [NH:Cl]— {CAS 12125-02-9} 
— (Also sal ammoniac or ammonium salt of hydro- 
chloric acid) 


Ammonium chloride is an easily sublimed solid that is 
used to produce white theatrical smoke either simply 
by its heating (see heater-coil smoke) or as a compo- 
nent in a pyrotechnic composition. It is colorless as 
crystals and white as a powder. 


Characteristic (a) 


(s) = sublimes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 10 mg/m? (fume). 
PEL-TWA for nuisance dusts: 10 mg/m’ (total dust) 
and 5 mg/m? (respirable dust). 


Ammonium chloride is relatively non-hazardous in 
routine industrial situations. It is not expected to pre- 
sent significant health risks to the workers who use it. 
It dissociates on heating to hydrochloric acid [HCl] 
and ammonia [NH3], which are toxic, but these gases 
almost completely recombine on cooling to re-form 
ammonium chloride. 


UN hazard classification: not regulated. 
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AMMONIUM COPPER(II) CHLORIDE DIHYDRATE — 
[2NH4Cl'CuCl2'2H2O] — {CAS 10060-13-6} — (Also 
copper ammonium chloride, copper(I) diammonium 
chloride dihydrate or cupric ammonium chloride di- 
hydrate) 


Ammonium copper(I) chloride dihydrate is of histor- 
ical interest, in that it was recommended in the late-19" 
century as a safer substitute for Chertier’s copper. It is 
easily prepared by evaporating to crystallization a 2:1 
molar solution of ammonium chloride [NH,Cl] and 
copper(II) chloride dihydrate [CuCl.°2H2O]. It is a 
greenish-blue crystalline solid or powder that is not 
hygroscopic. 


Ammonium copper(II) chloride dihydrate is a water- 
soluble copper compound having an acid reaction, and 
it is an ammonium salt. Accordingly, by modern 
standards, it would be considered completely unsuita- 
ble for use with chlorates, but this is exactly the pur- 
pose for which it was recommended. An example of a 
composition using ammonium copper(II) chloride di- 
hydrate for blue flames, stars and ‘grains’ (small stars 
for adding to fountain and other compositions) is pre- 
sented below (Audot, 1891). 


Ingredient Parts by Weight 


AMMONIUM DICHROMATE — [(NH4)2Cr2O7] — {CAS 
7789-09-5} — (Also ammonium bichromate or ammo- 
nium salt of dichromic acid) 


Ammonium dichromate was once used as a novel in- 
door pyrotechnic (see below). At the present, it is 
mainly useful as a burn rate catalyst for ammonium 
nitrate-based propellants and occasionally for produc- 
ing conversion coatings to passivate reactive metals 
used in pyrotechnic compositions. It is deep orange 
red as crystals and orange as a powder. 


Characteristic (a) 


(d) = decomposes with slight heating. 
a) Code for reference source, see preface. 
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Health information: TLV-TWA: 0.05 mg/m? (as Cr); 
IARC-1: carcinogenic. 


UN_ hazard _ classification: PSN: ammonium dichro- 
mate; HC: 5.1 — oxidizing agent (UN1439). 


In fireworks: Ammonium dichromate was once used 
as an indoor pyrotechnic item because of its interesting 
combustion-like decomposition that produces a fluffy 
green ash of chromium(III) oxide [Cr2O3], accompa- 
nied by dull, reddish sparks and a mild hissing sound. 
This reaction is: 


(NHa)2CrO7s) > CrOxs) + Na(g) + 4 H20(g) 


In civilian pyrotechnics: The exothermic decomposition 
reaction of ammonium dichromate has been applied in 
the use as the heat and gas generating component in 
pyrotechnic smoke compositions. For example, ac- 
cording to US Patent 2,700,011 (James Taylor, January 
18, 1955) an insecticidal smoke composition was made 
from mixtures of ammonium dichromate and DDT (as 
presented below). 


Formulation —|Parts by Weight 
Ingredient | 


(a) DDT is dichloro-diphenyl-trichloro-ethane. 


Recognition of the carcinogenic properties of hexava- 
lent chromium has led to the elimination of ammonium 
dichromate in consumer products in many jurisdictions. 


AMMONIUM DINITRAMIDE — [N4H4O,] — 
140456-78-6} — (Abbreviated ADN or ADM) 


{CAS 


Ammonium dinitramide is an energetic oxidizer of in- 
terest as a possible replacement for ammonium per- 
chlorate in solid rocket propellants. It is an odorless, 
yellowish-white crystalline solid, yellowish-white 
prills or granules or a white powder. 


Structural formula: 


(d) = decomposes above 135 °C. 
a) Code for reference source, see preface. 


Page 65 


Hazard: Explosive. 


AMMONIUM ION — [NH,"] — (Also ammonium cation or 
protonated ammonia) — The cation formed when an 
ammonia molecule [NH3] accepts a proton [H"] from 
an acid: 


H'(aq) + NH3(aq) > NH4 (aq) 


The ammonium ion is a tetrahedral arrangement of the 
four hydrogen atoms around the central nitrogen atom 
and has a charge of positive one. 


Ammonium ions are formed when ammonia gas is 
dissolved in water. Some of the dissolved ammonia 
can be considered to react with water to produce am- 
monium ions and hydroxide ions: 


H,O + NH3aq) <> NHa'(aq) + OH (aq) 


In this reaction, the water molecule is acting as a 
Bronsted-Lowry acid, donating a proton to the ammo- 
nia molecule. The solution of ammonia in water con- 
tains sufficient hydroxide [OH ] ions to produce alka- 
line reactions and is often described as an ammonium 
hydroxide solution. The addition of an acid to this so- 
lution reduces the concentration of hydroxide ions by 
the reaction: 


OH (aq) + H30 (aq) > 2H.0 


The result is that, according to Le Chdtelier’s principle, 
more of the ammonia molecules in solution are con- 
verted into ammonium ions. 


The concentrations of ammonia, ammonium ions, hy- 
droxide ions and hydronium ions [H30*] in aqueous 
solutions are related by the equilibrium reactions: 


OH (aq) + H30 (aq) <> 2 HO 
H2O + NH3aq) <> NH4'(aq) + OH (aq) 
H2O + NHa"(aq) <> H30%(aq) + NH3(aq) 


These equilibria respond to the pH of the solution. If 
the pH is low (i.e., there is a high concentration of hy- 
dronium ions), more ammonia molecules are proto- 
nated to ammonium ions. Conversely, a high concen- 
tration of ammonium ions can produce a low pH. If 
the pH is high (i.e., the concentration of hydronium 
ions is low), hydroxide ions react with ammonium ions 
to generate ammonia gas and water. In the reverse re- 
action, as discussed above, ammonia gas reacts with 
water to generate hydroxide ions. 


If the solution left after the reaction of an ammonia 
solution with an acid contains a sufficiently high con- 
centration of ammonium ions, a crystalline ammonium 
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salt can be recovered upon evaporation of the solution. 
This is the case with most common acids, but not for a 
very weak acid, such as water. Crystalline ammonium 
hydroxide cannot be obtained by evaporating a solution 
of ammonia in water. 


Ammonium salts resemble the corresponding salts of 
alkali metal cations such as those of sodium [Na‘] or 
potassium [K*]. They are soluble in water and are 
colorless unless the anion is colored. Ammonium salts 
can also be formed by the direct reaction of gaseous 
ammonia with an acidic gas. When ammonia vapor 
comes in contact with hydrogen chloride vapor [HCl], 
it reacts to form a white smoke cloud of ammonium 
chloride [NH,Cl]. 


Ammonium salts typically decompose on heating to 
form the acid and ammonia. If the acid is a gas, the 
ammonium salt can re-form on cooling of the gas 
mixture resulting in the sublimation of the salt. Am- 
monium chloride is an example of this: 


NHsClis) <Y NHxg) + HCl) 


If the acid is an oxidizing agent, the thermal decom- 
position of the salt results in the oxidation of the am- 
monium ion and is irreversible: 


NH4NO3 > N2O + 2 H2O0 
(NH,4)2Cr207 > N. + CrO; + 4H,O 
4 NH,ClO. > 2N2. + 4HCI + 6H2O + 502 


These reactions, as written, all involve the oxidation 
of nitrogen in the ammonium ion. The decomposition 
of ammonium perchlorate [NH4ClO.] is not as simple 
as implied by the net reaction above. It involves an in- 
termediate decomposition to ammonia [NHs3] and per- 
chloric acid [HC1O4] with subsequent reaction in the 
gas phase. 


While the nitrogen atom in the ammonium ion can be 
oxidized, its hydrogen atoms can be reduced: 


2NHs + 2e > 2NH; + H> 


The reaction as written is somewhat of a simplifica- 
tion as the equilibria between ammonium ions, am- 
monia and water are also involved. A more informa- 
tive representation is: 


H2O0 + NH4'(aq) <> H30"(aq) + NH3(aq) 
2 H30 (aq) +2e > 2H0+ Hp 


The electrons are supplied when ammonium salts 
come into contact with reactive metals such as zinc or 
magnesium. This reaction can cause problems when 
such mixtures are used in pyrotechnics. Pyrotechnic 
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mixtures containing ammonium perchlorate and mag- 
nesium, for example, can become hot and even ignite 
unexpectedly as a result of this reaction. Additives 
such as soluble dichromates are used to inhibit the re- 
action by forming a protective film (i.e., a conversion 
coating) on the surface of the magnesium particles. 


AMMONIUM ION, SPOT TEST FOR - See spot test 
(ammonium ion). 


AMMONIUM NITRATE — [NHsNO3]— {CAS 6484-52-23 
— (Abbreviated AN) 


Ammonium nitrate is a hygroscopic oxidizer and the 
principal component of some common blasting 
agents. It is occasionally used in some rocket propel- 
lants. Ammonium nitrate is commercially produced by 
the reaction of ammonia with nitric acid. It is color- 
less as crystals and white as a powder (or prills). 


Characteristic (a) 


1.72 g/cms 


(d) = decomposition; begins at the melting point and is 
complete at 210 °C with the evolution of nitrous oxide 
[N20]. 

a) Code for reference source, see preface. 

b) Ata density of 1.72 g/cm’. 


Health information: TLV: none established. 


UN_ hazard _ classification: PSN: ammonium nitrate; 
HC: 5.1 — oxidizing agent (UN1942). 


Chemical properties: Ammonium nitrate is too hygro- 
scopic for easy use in pyrotechnics. Its decomposition 
to nitrous oxide [N2O] and water is exothermic (AH = 
— 36 kJ/mole): 


NH4NO3x(s) > 2 H20) + N20) 


Decomposition to nitrogen, oxygen and water is even 
more exothermic (AH =— 118 kJ/mole): 


NH4NOxs) > 2 H20@) + Nog) + 0.5 Org) 


Small quantities of ammonium nitrate may explode 
under conditions of confinement at high temperature. 
Decomposition of large quantities can progress to ex- 
plosion, even when no fuel is present. Pure ammonium 
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nitrate can be made to explode when initiated with a 
detonator and a booster charge of high explosive, but 
it is much more effective as an explosive when mixed 
with a small amount of fuel. 


In rockets: Ammonium nitrate has occasionally been 
used as an oxidizer in rocket propellant compositions 
because its decomposition products are all gases. 
Problems associated with this application include the 
hygroscopic nature of the salt, its propensity to cake 
and its poor adhesion to solid propellant binders. The 
most serious limitation is that it undergoes a moisture- 
induced crystalline transformation near 32 °C, which 
causes the volume of the crystals to change. Another 
crystalline phase change occurs at about 52 °C, with 
even larger changes in volume. Expansion and con- 
traction of the crystals can cause the propellant grain 
to crack, leading to an explosion of the rocket motor 
on ignition. Efforts to solve this problem have included 
the use of an elastomeric binder/fuel that can accom- 
modate the volume changes, using a phase-stabilized 
type of ammonium nitrate, and treating the ammonium 
nitrate with tetramethyl-hexane-diamine, thus forming 
a layer of tetramethyl-hexane-diamine-dinitrate on the 
surface of each particle. 


In explosives: Ammonium nitrate is the major com- 
ponent in ANFO (ammonium nitrate / fuel oil), which 
is the most extensively used commercial blasting agent. 
It is also the major component in explosive emulsions 
and water gels (described as slurry explosives). 


AMMONIUM NITRATE / FUEL OIL — (Abbreviated 
ANFO or AN/FO) — A mixture capable of acting as a 
high explosive and classed as a blasting agent in the 
US. (It may also be described as a tertiary high explo- 
sive.) ANFO is often manufactured on the site where 
itis to be used, by blending porous prills of ammonium 
nitrate and fuel oil just before loading into bore holes. 
For an optimum oxygen balance, a mixture of approx- 
imately 94% ammonium nitrate and 6% fuel oil is 
commonly used. 


ANFO requires a powerful booster charge (typically, 
a secondary high explosive) to achieve detonation. It 
has a detonation velocity ranging from approximately 
11,500 to 15,500 feet per second (3500 to 4800 m/s). 


AMMONIUM PERCHLORATE — [NH,Cl0,] — {CAS 
7790-98-9} — (Abbreviated AP or APC) — (Also am- 
monium salt of perchloric acid) 


Ammonium perchlorate is an oxidizer used in many 
composite rocket propellants and in some firework 
compositions. It is manufactured from sodium per- 
chlorate, which is prepared by the electrolysis of a so- 
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dium chloride solution. Ammonium perchlorate is col- 
orless as crystals and white as a powder. 


Characteristic | Value | a) 


Formula weight 


a) Code for reference source, see preface. 


b) Does not melt. Begins to sublime, with slow decomposi- 
tion at 130 °C (Galwey and Jacobs). 


Health information: TLV-TWA: 10 mg/m? (nuisance 
dust) or 5 mg/m? (respirable dust). 


UN hazard classification: PSN: ammonium perchlo- 
rate; HC: 5.1 — oxidizing agent (UN1442). In the US, 
for particle sizes smaller than 15 um, ammonium per- 
chlorate is classed as an explosive 1.1 D (UN0402). 


Chemical properties: Highly purified ammonium per- 
chlorate is said to sublime on slow heating. The com- 
mercial product decomposes violently between 260 
and 360 °C. It is thought that there are two types of 
decomposition. The first occurs below 300 °C, the 
other above 300 °C, and both are very complicated. A 
somewhat simplified reaction for its decomposition is: 


10 NHsClO4 > 6 Or + 4N20 + 2 NOCI + 
2 Ch + HClO, + 3 HCl + 18 H20 


Additional minor products detected from the decom- 
position include nitrogen [Na], nitric oxide [NO], ni- 
trogen dioxide [NO], ammonia [NH3], nitric acid 
[HNO3] and nitrous acid [HNO,] (none of which is 
included in the above-simplified reaction). The de- 
composition temperature is reduced by the presence 
of impurities, notably transition metal compounds, for 
example, iron(II) chloride [FeCl3], copper(II) chloride 
[CuCh], chromium(III) oxide [Cr203] and potassium 
dichromate [K»Cr.0]. 


Ammonium perchlorate can decompose explosively, 
even in the absence of fuels. Thermodynamic modeling 
suggests that the decomposition reaction is predomi- 
nantly (>99%): 


4 NH,C104(s) > 
5 Oxg) + 2 Nog) + 4HChg) + 6 H2O¢g) 
AH = -159 kJ/mol 


When the heat of explosion is determined experimen- 
tally in a bomb calorimeter, all the gaseous water will 
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condense to liquid and some of the gaseous hydrogen 
chloride will react with the liquid water to form aqueous 
hydrochloric acid. Both processes are exothermic; 
consequently, the experimentally measured heat of 
explosion (AH) will be greater than that predicted 
from the AH of the above reaction. 


Pyrotechnic compositions made using ammonium per- 
chlorate can be more sensitive to mechanical ignition 
than those made with nitrates or with potassium per- 
chlorate. 


For more information about the chemistry of ammoni- 
um perchlorate, see ammonium ion and perchlorate ion. 


Chemical_incompatibilities: Ammonium perchlorate 
must not be mixed with or in contact with compositions 
containing chlorates because of the likely formation 
of spontaneously explosive ammonium chlorate 
[NH.ClO3] by a double-decomposition reaction. This 
is much more likely to occur in the presence of signif- 
icant moisture and when the resulting potassium per- 
chlorate [KC1Ou] is the least water-soluble reactant: 


NHuClo4 + KCIO3; > NHaClO3 + KC1O4 


Ammonium perchlorate reacts (by double decomposi- 
tion) with potassium nitrate [K NOs] to form the highly 
hygroscopic ammonium nitrate [NH4NO3]: 


NHuClO4 + KNO3 > NH4NO3 + KCIO4g 


Accordingly, to avoid ignition failures, pyrotechnic 
primes containing potassium nitrate should not be ap- 
plied directly to compositions that contain ammonium 
perchlorate. 


Ammonium perchlorate reacts with magnesium metal 
[Mg] in the presence of moisture to produce ammonia 
[NH3] and hydrogen [H2], with the generation of 
much heat: 


2 NHa‘(aq) + Mgis) > 
2 NH3g) + Hag) + Mg?*(aq) 


This reaction can lead to spontaneous ignition of a py- 
rotechnic composition; the reaction can be suppressed 
by adding potassium dichromate to the composition. 
This suppression is accomplished by the potassium 
dichromate producing a conversion coating on the 
surface of the magnesium particles. 


Ammonium perchlorate forms impact-sensitive mix- 
tures with many fuels including red phosphorus, sulfur, 
antimony(III) sulfide and arsenic sulfides. 


In_fireworks: Ammonium perchlorate is commonly 
used as an oxidizer in compositions producing strobe 
effects. It is also used as the oxidizer in color compo- 
sitions producing rich color flames, for example in 
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lance compositions and composite-color star compo- 
sitions. In these colored-flame producing compositions, 
ammonium perchlorate has the advantage of decom- 
posing to provide chlorine, mostly as hydrogen chloride 
gas, to aid in forming the preferred monochloride col- 
or species in the flame (see colored-flame chemistry). 


Compositions based on ammonium perchlorate have 
the disadvantage of tending to be slow burning and 
are sometimes difficult to ignite. They need to be 
primed with a nitrate-free prime, as noted above. 


In rockets: The major use of ammonium perchlorate is 
as an oxidizer in some propellant types (e.g., in com- 
posite propellants). Each launch of the US Space 
Shuttle consumed nearly 700 tons of ammonium per- 
chlorate. Recently, there have been efforts to find a 
substitute for ammonium perchlorate in rocket fuel 
because of concerns about the effects of releasing 
large amounts of chlorine compounds (e.g., hydrogen 
chloride [HCl1]) into the atmosphere. 


AMMONIUM PERMANGANATE — [NH4MnO,] — {CAS 
13446-10-1} — (Also ammonium salt of permanganic 
acid, or azanium permanganate). 


Ammonium permanganate is an unstable explosive 
solid. It is difficult to obtain pure and is too unstable 
to be acommercial product. Ammonium permanganate 
is a dark purple-black solid, with a lustrous appearance 
when pure, but rapidly turning grey on exposure to 
light. It slowly decomposes at room temperature, with 
each crystal becoming covered with a black layer of 
manganese oxides. The thermal decomposition of 
ammonium permanganate is complicated; the gaseous 
products include water, ammonia, nitrogen, dinitrogen 
monoxide and nitrogen monoxide, the solid products 
are mixtures of manganese oxides (Mn203, MnO, and 
MnO). Ammonium permanganate decomposes explo- 
sively at 55—60 °C. 


Ammonium permanganate is of no practical use in py- 
rotechnics. It is of interest in that it accounts for the 
incompatibility of ammonium salts and permanga- 
nates, which played a role in the manufacture of some 
picrate powders (see powder type). 


Characteristic [Value [Ret | 


a) Calculated for NHaMnO4 
b) Kotai, 2009. 
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Health information: (Mn content) TLV (TWA): 0.1 
mg/m’ (inhalable dust or fume), 0.02 mg/m? (respira- 
ble dust or fume); (ACGIH 2015). MAK (TWA): 0.2 
mg/m? (inhalable dust or fume), 0.02 mg/m? (respira- 
ble dust or fume) (2015). 


UN hazard classification: Forbidden for transportation. 


AMMONIUM PICRATE —[NaC6H6O7]— {CAS 131-74-8} 
— (Also picric acid ammonium salt, 2,4,6-trinitro- 
phenol ammonium salt, ammonium carbazoate, ex- 
plosive D, Dunnite or ammonium picronitrate) 


Ammonium picrate is a high-explosive compound that 
has also been used in propellants for firearms and in 
colored-flame compositions. It is produced by reacting 
ammonia with a solution of picric acid (2,4,6-trinitro- 
phenol). When freshly prepared, it is bright red. This 
metastable crystalline form is stable for years when 
stored dry, but it slowly changes to the stable yellow 
form when left in contact with water for several 
months. The yellow form is produced by repeated re- 
crystallization from water. 


Structural formula: 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 
b) Ata density of 1.6 g/cm’. 


Hazard: Explosive. 


UN_ hazard _ classification: PSN: ammonium picrate, 
dry or wetted with less than 10 percent water by mass; 
HC: 1.1 D — explosive (UN0004). Also, PSN: ammo- 
nium picrate, wetted with not less than 10 percent wa- 
ter by mass; HC: 4.1-— flammable solid (UN1310). 


Chemical properties: When ignited, small quantities 
of ammonium picrate burn slowly with a reddish, 
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smoky flame that deposits much carbon. Ammonium 
picrate can explode when heated rapidly, especially 
when confined. Ignition of large quantities can pro- 
gress to explosion. It detonates when initiated with a 
primary explosive and a high explosive booster. Am- 
monium picrate reacts with salts of metals such as 
lead and copper to form metal picrates, which are 
highly sensitive primary explosives. Mixtures with 
potassium chlorate can form spontaneously explosive 
ammonium chlorate, especially if moistened. 


Historical: Ammonium picrate was discovered in 1809 
by the French chemist Michel Eugéne Chevreul 
(1786-1889). The industrial production of picric acid, 
ammonium picrate and potassium picrate were pio- 
neered in 1867 by two French chemists, Paul Gustave 
Louis Gabriel Designolle and Casthélaz (1829-1892). 


In explosives: In 1869 a French army officer, Henri 
Joseph Brugére (1841-1918) published an account of 
a substitute for Black Powder that he had invented. It 
consisted of 54 parts ammonium picrate and 46 parts 
potassium nitrate, ground together in a wheel mill, 
then compressed and granulated in a manner similar 
to Black Powder. This material, known as Poudre 
Brugére, was used with some success as a propellant 
in the French Chassepot rifle by the French military 
forces in the 1870s. It was more powerful than Black 
Powder and generated less smoke, but it was eventu- 
ally superseded by the nitrocellulose-based smokeless 
powder called Poudre B, invented by French chemist 
Paul Marie Eugéne Vieille (1854-1934). In 1886 this 
was introduced for use with the new Lebel 8-mm re- 
peating rifle. 


The use of ammonium picrate as a military high ex- 
plosive was developed in 1905 by Major Beverly W. 
Dunn (1860-1936) of the US Ordnance Department. 
Ammonium picrate was used extensively by the US 
Navy in World War I as the explosive charge in armor- 
piercing shells because of its relative insensitiveness. 
Shells filled with this explosive could pierce armor 
plating without being detonated by the shock of im- 
pact. When used as a military high explosive, ammo- 
nium picrate was named Dunnite or Explosive D to 
keep its composition secret. Ammonium picrate has 
long been obsolete as a military explosive. 


In pyrotechnics: In 1868 Designolle and Casthélaz 
proposed compositions based on ammonium picrate 
for use in fireworks (formulations 1 to 3) and for use in 
marine distress signals (formulations 2 and 3). Brugére 
also developed a colored-flame composition based on 
ammonium picrate (formulation 4). It burned with a 
green flame and generated very little smoke. It was pro- 
posed for use in fireworks, for theatrical illuminations 
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and for signaling. This, and a similar composition in 
which barium nitrate was replaced with strontium ni- 
trate, was used for signaling during the World War I 
under the name Bengal fire powder. In 1883 the 
French pyrotechnist Paul Tessier (1816—-unknown) 
published several colored-flame compositions based 
on ammonium picrate (formulations 5 and 6). 


The ammonium picrate color formulations presented 
below are described as golden rain (1), red fire (2), 
green fire (3 and 4), yellow fire (5) and white fire (6). 


Formulation > Parts by Weight 
Anes 
46 | 25/24) 6 


Ammonium picrate 46 | 25 


exafluoro- 


Sodium 
aluminate 


1 to 3) Designolle and Casthélaz, 1868. 

4) Brugére 1869. 

5 and 6) Tessier 1883 (reprinted in Davis 1943). 

Note: These formulations are presented for historical inter- 
est only. The material designated as iron picrate (‘pic- 
rate de fer’ in the original) a mixture of iron picrate, iron 
or iron oxide and an excess of picric acid, made specifi- 
cally for use in pyrotechny. 


Ammonium picrate has been tried as a component in 
pyrotechnic whistle compositions, with an unusual re- 
sult. A mixture composed of 5-parts ammonium pic- 
rate and 1-part potassium nitrate (Denisse, 1882), did 
not whistle, but instead made a remarkable crackling 
sound, described as ‘the sound of gurgling water’. 


Ammonium picrate is now obsolete as an ingredient in 
pyrotechnics. The color compositions based on it are 
of considerable historical interest, as they constitute a 
distinct class of color compositions. The red and 
green compositions depend on the production of stron- 
tium monohydroxide [SrOH’] and barium monohydrox- 
ide [BaOH’], respectively, for their colors, rather than 
the more usual strontium monochloride [SrCI'] or bar- 
ium monochloride [BaCl']. 


AMMONPULVER — A composition containing 80 to 
90% ammonium nitrate and 10 to 20% charcoal, with 
or without the addition of potassium nitrate. (When it 
contained potassium nitrate, the powder was de- 
scribed as amidpulver.) The composition is inexpen- 
sive, flashless and smokeless but also quite hygro- 
scopic. It is comparable to smokeless powder in bal- 
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listic properties. It was used in Germany and Austria 
as a gun propellant in World War I. 


AMMUNITION, LOW-VULNERABILITY — (Abbreviated 
LOVA) — Ammunition (including explosives) that is 
relatively safe from initiation or ignition from me- 
chanical shock and fire. The trend by the military to- 
wards LOVA munitions stems not only from the point 
of increased safety, but also from the fact that a larger 
amount of munitions can be stored in a given area 
since the probability of sympathetic detonation is 
greatly reduced. (See munition, insensitive.) 


AMMUNITION, SMALL-ARMS (firearms) — (Abbreviated 
SAA) — Any cartridge for a shotgun, rifle, pistol or 
revolver used in weapons of relatively small caliber, 
not greater than 75-caliber (i.e., % inch or 19 mm). It 
may also include cartridges for propellant-actuated 
devices and industrial guns. Military ammunition that 
contains a bursting charge or any incendiary, tracer, 
spotting or pyrotechnic projectile are typically not 
considered as small-arms ammunition. 


AMORCE - A French term for a toy firework torpedo or 
other small explosive device such as toy caps or 
snaps, all of which are activated by impact. The im- 
pact may be delivered by a toy cap gun, toy cap cane 
or other device. The impact may also be delivered by 
throwing the item against a hard surface. 


The term amorce may also be used to refer to the pri- 
mers used to ignite the powder charge in small-arms 
ammunition. 


AMORPHOUS (chemistry) — A non-crystalline solid that 
does not have a definite internal geometric structure 
(e.g., glass and red phosphorus). 


AMORPHOUS BORON - See boron. 
AMORPHOUS CARBON -— See carbon black. 


AMORPHOUS RED PHOSPHORUS — See phosphorus 
(red phosphorus). 


AMORPHOUS SILICON - See silicon. 
AMP — Abbreviation sometimes used for ampere. 


AMPERE — (Symbol: A) — (Abbreviated amp) — The 
base SI unit of electric current that was named for the 
French physicist A. M. Ampére (1775-1836). It is the 
flow of one coulomb (i.e., 6.24x10'* free electrons) 
through a given point in one second. In a circuit, one 
volt of electromotive force is required to produce a 
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flow of one ampere through a resistance of one ohm. 
This relation is expressed by Ohms law: 


— 
R 


Here, J is the current in amperes, E is the electromo- 
tive force (1.e., voltage) in volts, and R is the re- 
sistance in ohms. 


AMPHOTERIC — A substance that has both acidic and 
basic properties. For example, aluminum hydroxide 
[Al(OH)3] can act as a base, when it reacts with an acid 
[H30"]: 

Al(OH)x(s) + 3 H3O‘(aq) > Al**(aq) + 6 H20() 
It can also behave as an acid, when it reacts with a base: 


Al(OH)3(5) + OH (aq) > Al(OH)4 (aq) 


AMPLITUDE — The extent, range or maximum value of 
a wave or other periodic phenomenon as measured 
from a reference value (illustrated below). 


Atmospheric 


Pressure Value 


A = Amplitude 


W = Wavelength 


Distance 


For example, the amplitude of a sound wave is the 
maximum recurring pressure above ambient atmos- 
pheric pressure. 


AMSPAC and AMSPAM — Acronyms for American 
Space Modeling. 


amu — Abbreviation and symbol for atomic mass unit. 

AMYL ACETATE — See pentyl acetate. 

AMYLIN — See dextrin. 

AN — Abbreviation for ammonium nitrate. 

ANACOUSTIC ZONE — The altitude above approximately 
100 miles (160 km) where sound waves can no longer 


be propagated because the distance between air mole- 
cules is greater than the wavelength of sound. 
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ANECHOIC — In acoustics, a condition or setting in 
which no detectable reflections of sound (i.e., echoes) 
occur. For example, acoustic anechoic chambers (e.g., 
rooms with sound absorbing walls, floor and ceiling) 
can be used to make accurate sound pressure level 
measurements, including those of fireworks and toy 
cap guns. 


ANEMOMETER - An instrument used to measure air 
flow or wind speed, typically by differences in air 
pressure or by generating electricity via a propeller. An 
inexpensive anemometer is shown below (left). This 
instrument is used by holding it upright with its back 
side facing into the wind. The moving air then enters 
the unit through small holes in the bottom of its back 
side and exits through holes at the top. In the process, 
some of the air flows upward through a tube in the 
center of the unit and in the process, lifts a small white 
plastic sphere some distance upward. The height of 
the rise of the sphere is a function of wind speed, 
which is read from the scales printed inside the unit. 


a pr 
BQSnSoea 


f ON @& move 


a Kestrel 


A somewhat more expensive anemometer is shown 
above (right). This unit is used by holding it facing in- 
to the wind. It uses a set of small fan blades that rotate 
in response to wind. The wind speed is displayed digi- 
tally in various units. 


In fireworks: Wind speed (and direction) is an im- 
portant consideration in the safe performance of fire- 
work displays. For that reason, some authorities re- 
quire the measurement and/or monitoring of wind 
speed as a condition to proceed with a display. 


Wind has a relatively minor, but significant, effect on 
the trajectory of aerial shells; thus, it affects where 
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dud shells will fall to the ground. Wind has a major 
effect on where sparks and dangerous debris from 
properly functioning aerial shells will fall to the 
ground. Wind can also be a significant consideration 
if it becomes necessary to extinguish any fires that 
may occur as a result of a display. 


In rocketry: Wind speed and direction is an important 
consideration in the safe performance of amateur 
rockets. (See /Jauncher and weather cocking.) For that 
reason, some authorities require the measurement 
and/or monitoring of wind speed to verify it does not 
exceed safety limits, as a condition before proceeding 
with a launch. 


ANFO or AN/FO — Abbreviation for ammonium nitrate 
/ fuel oil. 


ANGLE FINDER — See inclinometer. 


ANGLE OF ATTACK (aerodynamics) — The angle be- 
tween the relative wind (i.e., the undisturbed air flow) 
and the chord line of an airfoil (e.g., wing or fin), as 
illustrated below in cross section. 


= angle of attack 


Lift increases with increasing angle of attack until 
flow separation from the upper surface of the airfoil 
occurs, resulting in a rapid decrease in lift (described 
as stalling). 


ANGLE OF AZIMUTH — See azimuth. 
ANGLE OF ELEVATION - See elevation, angle of. 


ANGLE OF IMPACT (ballistics) — The angle between 
the horizontal plane and the trajectory of a projectile 
at its point of impact (i.e., the projectile’s angle of in- 
cidence). 


ANGLE OF INCIDENCE — The angle at which a ray of 
light or a projectile impinges upon a surface. 


For a projectile: Angle of incidence is usually measured 
between the direction of its motion and a line parallel 
to the surface at the point of impact, illustrated below. 
It may be described as the angle of impact. 
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ANGSTROM UNIT — (Symbol: A, A, AU or AU) — (Also 
angstr6m) — In physics, a unit of length historically 
used to measure the wavelength of light. In chemistry, 
bond lengths between atoms are measured in ang- 
stroms. The angstrém unit is named after the Swedish 
physicist, A. J. Angstrém (1814-1874). The preferred 
SI unit to measure the wavelength of light is the na- 
nometer (nm). 


Multiply ® 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


b) The unit milli-micron was commonly used in the past; it 
is the same as a nanometer. 


ANGULAR MOMENTUM — See momentum. 


ANHYDROUS - Means ‘without water’. Many chemicals 
(both solid and liquid) such as calcium sulfate 
[CaSO,] and ethanol [C2HsOH] can absorb or other- 
wise contain significant quantities of water. Materials 
where this water is not present or has been removed, 
typically by the application of heat, are described as 
anhydrous. Sometimes, adding water to an anhydrous 
material initiates an exothermic chemical reaction. An 
example of this is the hydration of anhydrous copper 
sulfate [CuSOg]: 


CuSO, + 5H20 > CuSO4-5H20 + heat 


In_pyrotechnics: When a chemical containing ab- 
sorbed water is used in a pyrotechnic composition, the 
composition produces somewhat less energy upon 
burning because energy is consumed in the process of 
driving off the absorbed water. Thus, hydrated chemi- 
cals are not as energetic as their anhydrous counter- 
parts. (See water of hydration and hygroscopic.) 


ANHYDROUS CALCIUM SULFATE - See calcium sulfate, 
anhydrous. 


ANHYDROUS CUPRIC SULFATE — See copper(II) sul- 
fate, anhydrous. 


ANIMAL GLUE - See hide glue. 
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ANION — See ion. 


ANNEAL — The softening of metal by controlled heating. 
An example of annealing is the softening of a brass 
cartridge case neck to prevent its cracking from re- 
peated resizing during the process of reloading am- 
munition. 


ANNOUNCEMENT SALUTE and ANNOUNCEMENT 


BOMB - See aerial shell name and description (spe- 
cific). 


ANODE - In electrochemistry, the electrode at which 
oxidation occurs. More broadly, the positive electrode 
ofan electrolytic cell, vacuum tube (i.¢e., electron tube) 
or similar device toward which electrons or negative 
ions (i.e., anions) move. The corresponding negative 
electrode of the device is the cathode. 


ANSI — Abbreviation for the American National 
Standards Institute. 


ANTHRACENE — [Ci4Hio] — {CAS 120-12-7} — (Also 
paranaphthalene) 


Anthracene is used to produce black smoke. It is a 
polycyclic, aromatic hydrocarbon derived from coal 
tar. Pure anthracene is colorless as crystals (or flakes) 
and white as a powder. It has a strong blue fluores- 
cence under ultraviolet light. Impure material may be 
yellowish with a greenish fluorescence and may have 
a slight aromatic odor. 


Structural formula: 


Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV-TWA: 0.2 mg/m’ for coal tar 
pitch volatiles; IARC-3: unclassifiable as to carcino- 
genicity. 


UN hazard classification: not regulated. 


ANTI-AGGLOMERANT — An additive used to prevent 
clustering or clumping together of particles. It may also 
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serve as a flow agent to enhance the flow and han- 
dling characteristics of a powder. 


ANTI-AGING AGENT — See stabilizer. 


ANTICAKING AGENT - (Also anticake agent) — A 
chemical typically added in small amounts (<1%) to 
another chemical to prevent or reduce its tendency to 
cake (i.e., to fuse together into a large mass or lump). 


Anexample of an anticaking agent used in pyrotechnics 
is Petro-AG (i.e., sodium dialkyl-napthalene sulfonic 
acid salt), which virtually eliminates caking of potas- 
sium nitrate when present at only 0.05%. 


Some anticaking agents might better be described as 
flow agents (e.g., Cab-o-Sil and conductive lampblack). 


ANTI-HAIL ROCKET — See rocket, anti-hail. 


ANTIMONY — [Sb]— {CAS 7440-36-0} — (Also antimony 
metal, antimony regulus or stibium) 


Antimony is a pyrotechnic fuel, mostly of historical 
interest. It is a chemical element, atomic number 51, 
and is sometimes described as a metalloid. Antimony 
occasionally occurs naturally as the native element. It 
is produced commercially from the mineral stibnite 
(antimony(III) sulfide). Antimony is silvery gray in 
color. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.5 mg/m*. Antimony 
and all its compounds may be carcinogens, but only 
antimony(II) oxide [Sb2O3] and antimony(II]) sulfide 
[Sb2S3] are currently listed as such. 


UN hazard classification: not regulated. 


ANTIMONY BLACK - A poorly defined term for both 
antimony and antimony/(IID) sulfide. 


ANTIMONY MONOXIDE — [SbO’] 


A reaction product expected to occur as a gaseous free 
radical in flames of compositions containing antimony 
or antimony sulfide. Molecular emission bands from 
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antimony monoxide probably contribute to the bluish- 
white color of flames from pyrotechnic compositions 
containing antimony or antimony sulfides. (See blue 
light (fireworks)). 


ANTIMONY NEEDLES — See antimony/(IID) sulfide. 
ANTIMONY(III) OXIDE — [Sb203] — {CAS 1309-64-4} — 


(Also antimony white, diantimony trioxide, flowers of 
antimony or antimony trioxide; the mineral valentinite) 


Antimony(III) oxide is a toxic combustion product of 
the burning of antimony(III) sulfide or antimony, and 
therefore a potential cause for concern about the use 
of these materials in pyrotechnics. It is colorless as 
crystals and white as a powder or smoke. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.5 mg/m? (as anti- 
mony); IARC-2B: possibly carcinogenic to humans. 


UN hazard classification: PSN: antimony compound, 
inorganic, solid, n.o.s. (antimony trioxide); HC: 6.1 — 
poison (UN1549). 


ANTIMONY REGULUS and ANTIMONY, REGULUS OF 
— See antimony and regulus. 


ANTIMONY SESQUISULFIDE — See antimony/(III) sul- 


fide. 


ANTIMONY, SPOT TEST FOR - See spot test. 


ANTIMONY(III) SULFIDE — [Sb2S3] — {CAS 1345-04-6} 
— (Also antimony trisulfide, diantimony trisulfide, an- 
timony sulfide, antimony sesquisulfide, antimony 
black, black antimony sulfide, antimony needles or 
Chinese needles; the minerals stibnite and occasionally 
metastibnite) 


Antimony(III) sulfide is a pyrotechnic fuel that occurs 
naturally as two minerals, stibnite and the much rarer 
metastibnite. As stibnite, it forms characteristic elon- 
gated steel-gray crystals with a metallic luster, some- 
times described as needles. When ground to a powder, 
this form of antimony(III) sulfide is dark gray to black, 
and this material is the antimony(III) sulfide commonly 
used in pyrotechnics. An orange-red form of antimo- 


Encyclopedic Dictionary of Pyrotechnics 


ny(III) sulfide is precipitated when solutions of anti- 
mony(III) compounds are treated with hydrogen sul- 
fide or other sources of sulfide ions. This red variety al- 
so forms as natural crystals of metastibnite when native 
crystalline stibnite is exposed to geothermal heating. 


Characteristic Value (a) 


| 339.72 g/mol | 2 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.5 mg/m*, IARC-3: 
unclassifiable as to carcinogenicity. 


UN hazard classification: PSN: antimony compound, 
inorganic solid, n.o.s. (antimony(III) sulfide); HC: 6.1 
— poison (UN1549). 


Chemical properties: Naturally occurring grey-black 
and red precipitated antimony(III) sulfide exhibit 
somewhat different physical and chemical characteris- 
tics, but they are not otherwise differentiated in the 
following discussion. 


The reaction of solutions containing antimony(II) 
compounds, treated with hydrogen sulfide or other 
sources of sulfide ions, to produce the orange-red 
amorphous form of antimony(II) sulfide, is commonly 
used in chemical analysis as a colorimetric test for an- 
timony. Similarly, the formation of an orange-red de- 
posit on a relatively-cool surface when the flame of a 
burning pyrotechnic composition is in contact with 
the surface is an indicator of the presence of antimony 
in the composition. 


When antimony(III) sulfide is slowly dropped onto 
hot potassium chlorate, the temperature rises gradually 
by self-heating, and then the sulfide ignites as soon as 
the potassium chlorate begins to melt, at approximately 
S706, 


Mixtures of antimony(III) sulfide and oxidizers are 
sensitive to ignition by impact and friction. The sensi- 
tiveness depends on the oxidizer and on the type of 
mechanical action (e.g., impact or friction) to which 
the mixture is subjected. Such mixtures are typically 
somewhat less sensitive to impact than the corre- 
sponding mixtures containing sulfur or arsenic(I]) sul- 
fide (i.e., realgar). The mixtures exhibit greater friction 
sensitiveness than the corresponding mixtures con- 
taining sulfur and exhibit less friction sensitiveness 
than the corresponding mixtures containing arsenic(II) 
sulfide. A mixture of antimony(III) sulfide: 
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e with potassium chlorate is sensitive to both impact 
and friction. 


e with potassium perchlorate is sensitive to friction, but 
relatively insensitive to impact. 


e with ammonium perchlorate is insensitive to friction, 
but it is as sensitive to impact as potassium chlorate 
mixtures. 


e with potassium nitrate is relatively insensitive to both 
impact and friction. 


Chemical incompatibilities: It is considered quite un- 
safe to mix antimony(IIJ) sulfide with potassium chlo- 
rate. Historically, such mixtures were used to make 
firework torpedoes and other impact-sensitive devices 
such as the auto-tire joker. Mixtures of antimony(III) 
sulfide and potassium chlorate have also been used in 
percussion caps and in match heads, but such mix- 
tures are normally prepared wet. Fatal accidents have 
resulted from attempts to mix antimony(III) sulfide 
with potassium chlorate by passing the dry chemicals 
through a screen. 


In pyrotechnics: Antimony(III) sulfide is used as a 
fuel and an agent to increase friction sensitiveness in 
scratch, friction, stab and percussion igniters. It has 
been used in friction matches, both as a component of 
match heads and in match strikers for safety matches. 


The precipitated red form of antimony(III) sulfide was 
once readily available because of its use in the rubber 
industry (and it may have been used occasionally in 
fireworks). The possibility of the red material being 
contaminated with varying amounts of antimony(III) 
oxysulfide might explain why the grey-black variety 
is normally preferred for use in pyrotechnics. 


A further problem with the red variety of antimo- 
ny(III) sulfide is that it could be confused with anti- 
mony(V) sulfide, which has a similar appearance, and 
which was also used in the rubber industry. Antimo- 
ny(V) sulfide [Sb2Ss] has occasionally been used in 
pyrotechnics, but the characteristics of the two sul- 
fides would presumably be somewhat different, and 
inadvertent substitution of one for the other could be 
undesirable. 


In fireworks: Antimony(II]) sulfide has a wide range 
of uses. It is probably most commonly used in glitter 
compositions. Tests with glitter compositions showed 
that a sample compounded with the red material per- 
formed equivalently to one made with the usual grey- 
black variety. 
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Antimony(III) sulfide is used in some charcoal comets 
(without aluminum) to increase the density and dura- 
tion of spark trails. As a component of such stars, it 
has the additional advantage of making the stars heavi- 
er, thus improving their ballistic characteristics. An- 
timony(II) sulfide can be used in color-change relay 
compositions. It is occasionally used as a fuel in white 
stars of low intensity (see stars, star formulation) that 
make an aesthetically pleasing addition to traditional 
color compositions in the same shell burst. 


Antimony(III) sulfide is still occasionally used as a 
supplementary fuel in some flash powders. While its 
presence in flash powders makes them easier to ignite, 
it also makes the flash powders significantly more 
sensitive to accidental ignition. A special explosive 
powder consisting of only potassium chlorate and an- 
timony(II) sulfide has been used as what is some- 
times described as ‘dark flash’ (see flash powder type, 
firework flash powder) for breaking crossette comets. 
Although it is effective, it is also highly sensitive to 
accidental ignition by friction. 


Historical: In the mid-18" century, British and French 
forces in India were surprised to find native Indian 
troops using hand-held illuminating flares in nighttime 
conflicts. These flares contained antimony(III) sulfide. 
Later in that century, mixtures of antimony(IID) sulfide, 
sulfur and potassium nitrate began to be used in Eu- 
rope for signaling, in surveying, in firework displays 
and for theatrical effects (see Bengal fire). 


In the early 19" century, it was discovered that mixtures 
of antimony(II) sulfide and potassium chlorate were 
very sensitive to ignition by impact and friction. An- 
timony(IIJ) sulfide was not mentioned in the original 
1807 patent for percussion ignition of firearms by Scot- 
tish clergyman Alexander John Forsyth (1769-1843), 
but, by the mid-1820s, a mixture of equal parts of an- 
timony(III) sulfide and potassium chlorate had be- 
come popular for this purpose. The mixture was 
sometimes mixed with a solution of gum Arabic to fa- 
cilitate its consolidation in percussion caps. Work with 
this composition led English pharmacist John Walker 
(1781-1859) to invent and commercialize the first 
practical friction match in 1826. 


The use of antimony(III) sulfide in fireworks persisted 
throughout the 19" century and continues to this day, 
despite French pyrotechnist Frangois-Marie Chertier 
(17??-1855) claiming as long ago as 1836 that metal- 
lic antimony is far preferable to the sulfide, as it pro- 
duces a whiter flame and makes less smoke. Chertier 
went so far as to write that it would be as well to 
abandon the use of the sulfide completely. 
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ANTIMONY TRIOXIDE — See antimony(III) oxide. 
ANTIMONY TRISULFIDE — See antimony(II]) sulfide. 
ANTIMONY WHITE — See antimony/(III) oxide. 


ANTIQUATED CHEMICAL NAME -— See chemical name, 
synonym and historical. 


ANTI-STAT and ANTI-STATIC — See electrostatic dis- 
sipative. 


ANVIL (primer) — The metallic point in a small-arms 
primer against which the primer composition is driven 
by the impact of a firing pin, striker or hammer of a 
firearm. The effect is to produce an explosive ignition 
of the primer composition, as illustrated below in 
cross section. 

Firing Pin 
Primer 
i: Cartridge Casing 


Jet of Fire 
Anvil 
Primer Composition 


ANVIL SHOOTING — (Also anvil firing) — The anvil re- 
ferred to here is the common blacksmith tool used 
with a hammer in forming metal. There once was, and 
occasionally continues to be, a practice of producing 
the sound ofa loud explosion while propelling an anvil 
high into the air using Black Powder. This practice is 
often referred to as anvil shooting or anvil firing. 


The process typically involves the use of two similarly 
large-sized anvils as illustrated below in cross section. 


Anvil 
; Anvil 
Fuse \ Core 
Black 
Powder 


Anvil 
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The first anvil is placed 
upside-down on __ the 
ground. This exposes a 
hollow core in its base, 
which is filled with a 
charge of granular Black |@ 
Powder (A). A length of 
slow-burning, small- | 
diameter fuse (e.g., visco 
fuse) (B) is run to the 
powder-filled core. The 
process to this point is 
shown in the upper image 
to the right. 


Often several playing cards 
(C) are placed around the 
powder-filled core of the 
anvil, to act somewhat as a 
gasket and as a safety fea- 
ture, in case some of the 
powder was spilled on the base of the anvil around its 
powder-filled core (middle image). Next, the second 
anvil (D) is gently placed on top of the first anvil (E) 
(lower image). 


Photo credit: D. Greisser 


Once a large safe area is cleared of spectators, the fuse 
is ignited and burns toward the Black Powder charge, 
as shown (yellow arrow) in the upper left image below. 


Photo credit: D. Greisser 


When the powder ignites (upper right image), the upper 
anvil is hurled high in the air (often 35 to 50 feet, 10 to 

15 m) by the resulting loud explosion. This is shown in 
the lower two images, with the anvil circled in red. Be- 

cause of the great strength of the anvils and the defla- 
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grating nature of Black Powder, the anvils remain fully 
intact. 


AP — Abbreviation for ammonium perchlorate; also, for 
“American Pyrotechnist” (See Fireworks News.) 


APA -— Abbreviation for the American Pyrotechnics 
Association. 


APA 87-1 — Abbreviation for the document “Standard 
for Construction and Approval for Transportation of 
Fireworks, Novelties, and Theatrical Pyrotechnics”. 
This is a standard developed by the American Pyro- 
technics Association to provide manufacturers, im- 
porters and distributors of fireworks, novelties and 
theatrical pyrotechnics with information to assist them 
in manufacturing, testing, shipping and labeling prod- 
ucts in accordance with applicable US federal laws and 
current good manufacturing practices. The document 
is subject to periodic review and in the US, is incorpo- 
rated by reference into federal regulations. The most 
current version can be obtained from the American 
Pyrotechnics Association. For more information see: 
www.americanpyro.com. 


The European Standard for Fireworks, EN14035, is a 
similar standard used in European Union countries. 


APFN — Abbreviation “American Pyrotechnist Fire- 
works News” (See Fireworks News). 


APOGEE — The highest vertical or most distant orbital 
point along the path of an object. 


In fireworks: The highest point (h) reached in the tra- 
jectory of an object, such as an aerial shell, as illus- 
trated below. 


Apogee 


Flight Path 


In rocketry: Apogee is the highest point in the flight of 
an amateur rocket and, in many cases, occurs about the 
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same time as ejection of the rocket’s recovery device. 
(See rocket flight phases, amateur.) 


In space: The origin of the term apogee comes from 
the trajectory of orbiting bodies. It is the furthest dis- 
tance (R2) of one body around another in an elliptical 
orbit, as illustrated below. 


Orbiting Body 


Perigee 


Central Body 


A 

Pane tL orbit 
In contrast, the perigee is the closest point (at a dis- 
tance of R;) in an elliptical orbit. 


APPARENT ANGULAR DIAMETER — See aerial shell 
apparent angular diameter. 


APPARENT BULK DENSITY and APPARENT DENSITY 
— See density (bulk density). 


APPARENT WIND — See relative wind. 


APPLIANCE, SPECIAL EFFECT -— See special effect 
appliance. 


(aq) — The designation used to indicate that a substance 
in a chemical equation is dissolved in water, for ex- 
ample, KNO3(aq) means an aqueous solution of potas- 
sium nitrate. 


AQL -— Abbreviation for acceptable quality level. 
AQUA FORTIS — See nitric acid. 


AQUATIC FIREWORK and AQUATIC SHELL — See wa- 
ter firework. 


AQUEOUS - Pertaining to water. In fireworks, aqueous 
usually refers to water-based solutions used for wet- 
ting compositions. It may also refer to a type of binder 
such as dextrin, which is often described as being an 
aqueous binder, which means it is soluble in water. 


The term aqueous solution is commonly used in in- 
dustry and chemistry to refer to solutions in which 
water is the solvent. In this context, the designation of 
non-aqueous means a solution using a solvent other 
than water. 
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AR — Abbreviation for American Rocketeer. 

ARABIC GUM - See gum Arabic. 

ARBOR — See mandrel. 

ARC — Abbreviation for accelerating rate calorimeter. 
ARC, ELECTRIC — See electric arc. 


ARCHAIC CHEMICAL NAME — See chemical name, 
synonym and historical. 


ARCHIMEDES’ PRINCIPLE — States that a floating 


body displaces an amount of liquid equal in mass to 
that of the body. 


In fireworks: When a dud aerial display shell falls into 
water, Archimedes principal determines whether the 
shell will float or sink. (Approximately 5% of dud 
shells falling into water will sink immediately, with 
another 80% sinking within a month.) If the shell 
floats, the shell’s mass is less than the mass of an 
equal volume of water. Archimedes principal deter- 
mines the amount of the shell that will remain above 
the water, which is often only 5 to 15% of the shell’s 
volume. (See floating dud aerial shell.) 


ARCING MATCH - See short circuit effect. 
AREA RATIO (rocketry) — See propellant area ratio. 
ARITHMETIC AVERAGE - See statistic (mean). 


ARM -— To prepare an explosive item for imminent use 
by removing safing mechanisms. For an electric firing 
unit, arming will be characterized by enabling the unit 
to provide firing current as opposed to a much smaller, 
continuity-test current. The process of electrical arming 
may also remove shunts from across various firing 
circuits. 


ARMING, FUZE — The change from a safe condition to 
a state of readiness for initiation. The stimulus to ac- 
complish fuze arming in military munitions is often 
acceleration, rotation, a clock mechanism or a combi- 
nation of these. 


ARMSTRONG’S EXPLOSIVE and ARMSTRONG’S 
MIXTURE — A very sensitive and very dangerous ex- 
plosive mixture primarily composed of red phosphorus 
and potassium chlorate. Some formulations reported for 
Armstrong’s mixture are presented below (McLain, 
1980). 
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Formulation > Parts by Weight 
eye! 


Armstrong’s mixture or any composition containing red 
phosphorus should never be produced or handled in 
an area where other pyrotechnic materials are or will 
be handled. Reasonably safe mixing is only possible 
when the components are wet. 


The composition is named for Sir William G. Arm- 
strong (1810-1900), a well-known British industrialist, 
engineer and philanthropist. In 1854 during the Crime- 
an War, Armstrong began de- 
signing a _ light, breech- 
loading artillery piece. He al- 
so developed (1855) two 
types of explosive shells for 
this gun. One was intended to 
explode at some selectable 
time after firing; the other ex- 
ploded a short time after im- 
pacting an object (illustrated 
on the right). This was 
achieved by using special 
fuzes, designed by Arm- 
strong, and the composition 
subsequently known as Arm- 
strong’s mixture was used in 
these fuzes. 


Armstrong’s mixture was located in the component 
described as the detonator and labeled ‘C’ in the illus- 
tration. The composition of the original mixture is pre- 
sented below. 


Ingredient Parts by Weight 


This mixture ignited when the detonator was struck by 
a metal needle, which happened by inertia when the 
shell was fired in the case of the selectable time fuze, 
or when the shell struck an object in the case of the 
impact fuze. The resulting burst of flame ignited the 
charge of Black Powder in the fuze (labeled ‘D’ in the 
illustration) and this in turn fired the main explosive 
charge in the shell. The mixture proved to become 
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damp and ineffective on storage, due to the slow oxi- 
dation of the red phosphorus. 


Today, Armstrong’s mixture is used to make toy caps 
and certain consumer pyrotechnic devices (classified 
as novelties in the US) such as pulling fireworks (i.e., 
booby traps) and party poppers. Armstrong’s mixture 
has replaced red explosive in some of these items be- 
cause it and its combustion products are comparatively 
non-toxic. 


Armstrong’s mixture has a tragic history of being 
made by high school and college chemistry novices 
who make quantities of this mixture that result in dis- 
astrous, potentially lethal, spontaneous explosions. 
Amputations of fingers and loss of sight are among 
the less severe consequences of such explosions. Once 
mixed and dried, the material cannot be transported or 
handled safely in anything but the very tiniest (0.1 
gram or less) quantities and it must be protected from 
direct contact. Armstrong’s mixture is perhaps the 
most sensitive and most easily ignited composition in 
practical use. 


AROMATIC COMPOUND -— Originally, an aromatic 
compound was one containing a benzene ring. Cur- 
rently, an aromatic compound is one in which there is 
a planar (or nearly planar) ring of atoms that can be 
considered to be linked by a hybrid structure of alter- 
nating single and double bonds. This results in a ring- 
shaped molecular orbital above and below the plane 
of the ring, containing de-localized a electrons. Such 
molecules are unusually stable, and their behavior in 
certain chemical reactions is somewhat similar to that 
of benzene. Examples of aromatic compounds include 
benzene [CoHe], naphthalene [CioHs], anthracene 
[CisHio], pyridine [CsHsN], furan [C4H4O] and bora- 
zole [B3N3H3]. Two structures are illustrated below: 


It is possible that some (or all) of the hydrogen atoms 
in aromatic compounds can be replaced by other atoms. 
For example, in toluene [C7Hs] one of the hydrogen 
atoms has been replaced by a methyl group [CH3], 
and in hexachloro-benzene [C6Cl«] all six hydrogen 
atoms have been replaced with chlorine atoms [Cl] as 
illustrated below. 
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toluene hexachlorobenzene 


AROMATIC EXPLOSIVE COMPOUND — An aromatic 
compound with explosive properties typically resulting 
from the combination of both fuel and oxidizer com- 
ponents in a single compound. The fuel (hydrogen 
and carbon) is provided by the non-substituted portion 
of the compound. The oxidizer is most often provided 
by the substitution of one or more nitro groups [—NO>] 
for hydrogen atoms. For example, trinitro-toluene 
(TNT) has three nitro groups attached to the benzene 
ring of toluene, as illustrated below. 


trinitro-toluene 


ARRHENIUS EQUATION — The rate of a chemical reac- 
tion at a given temperature is designated by a number 
described as the rate constant, usually denoted by k. 
Consider the reaction below. 


nA + mB > products 


In this case, n moles of reactant A and m moles of re- 
actant B produce some unspecified products. The rate 
of the reaction can be expressed as: 


Here, [A] is the concentration of reactant A, [B] is the 
concentration of reactant B, k is the rate constant, the 
exponents x and y are constants characteristic of the 
reaction (typically equal to 0 or 1, rarely 2 or 3), and 
d[A]/dt is the rate at which the reactant A is con- 
sumed. 


The value of the rate constant k, and hence the rate of 
the reaction, increases dramatically with increasing 
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temperature. The Swedish chemist Svante Arrhenius 
(1859-1927) developed a general equation (i.e., the 
Arrhenius equation) for the rate constants (x) of chem- 
ical reactions as a function of absolute temperature 
(T) and activation energy (E,), specifically: 


-E,/R-T 
k=A-e 


Here, R is the gas constant and A is described as the 
pre-exponential factor (i.e., a constant for a specific 
set of reaction conditions). 


The Arrhenius equation is useful not just as a conven- 
ient summary of the dependence of the reaction rate 
on temperature but for the insights that it can provide 
into the mechanism of the reaction. In a gas, the 
Boltzmann distribution of molecular energies indi- 
cates that the fraction of molecules having energies in 
excess of a given energy E is proportional to e“”". If 
the reaction is assumed to proceed by the formation 
and subsequent decomposition of a high-energy in- 
termediate (described as an activated complex), the 
exponential factor in the Arrhenius equation can be 
identified with the fraction of gas molecules having 
sufficient energy for the reaction to occur. The con- 
stant of proportionality (A) can be thought of as in- 
cluding all those factors that determine the chance that 
a molecular collision having sufficient energy will in 
fact produce a reaction. 


There is no widely accepted theoretical explanation 
for the application of the Arrhenius equation to solid- 
state reactions. It could even be said that it has been 
applied to solid-state kinetics mostly because it is the 
standard way of summarizing kinetic data in other 
fields of chemistry. Since the early 1990s, Russian 
physicist and chemist Professor Boris Vladimirovich 
L’vov developed a theory of the decomposition of sol- 
ids and liquids proposing that the primary step is dis- 
sociative evaporation to yield intermediate gaseous 
products that are always in equilibrium with the solid 
reactants and products. The activation energy is then 
identified with the enthalpy of this primary decompo- 
sition reaction. The A factor can also be expressed by 
its thermodynamic properties. L’vov has shown that 
this approach, which derives from the work of Ger- 
man physicist Heinrich Hertz (1857-1894) and Amer- 
ican physicist and chemist Irving Langmuir (1881— 
1957) on the kinetics of evaporation, can explain the 
observed kinetics of decomposition of a very wide 
range of solids. 


ARSENIC — [As] — {CAS 7440-38-2! — (Also metallic 
arsenic or grey arsenic) 


Encyclopedic Dictionary of Pyrotechnics 


Arsenic is a pyrotechnic fuel of limited historical in- 
terest. It is a chemical element, atomic number 33. It 
is sometimes described as a metalloid. Arsenic occa- 
sionally occurs naturally as the native element, but 
more commonly, it is produced from the minerals re- 
algar (see arsenic(II) sulfide), orpiment (see arse- 
nic(III) sulfide) and arsenopyrite [FeAsS]. Arsenic is 
silvery-gray in color. 


(s) = sublimes. 
a) Code for reference source, see preface. 


b) Arsenic does not melt at normal atmospheric pressure. It 
has a triple point at 817 °C at 3.70 MPa. 


Health information: TLV: 0.01 mg/m*; IARC-1: car- 
cinogen. 


UN hazard classification: PSN: arsenic; HC: 6.1 — poi- 
son (UN 1558). 


ARSENIC DISULFIDE — See arsenic(II) sulfide. 
ARSENIC, SPOT TEST FOR — See spot test. 


ARSENIC MONOXIDE — [AsO’] — (Also arsenic oxide) 


A reaction product expected to occur as a gaseous free 
radical in flames of compositions containing arsenic 
or arsenic sulfide. Molecular emission bands from ar- 
senic monoxide probably contribute to the bluish- 
white color of flames from pyrotechnic compositions 
containing arsenic or arsenic sulfides. 


ARSENIC(III) OXIDE — [As203] — {CAS 1327-53-3} — 
(Also arsenic trioxide, diarsenic trioxide, arsenic ses- 
quioxide, white arsenic or arsenious oxide; the mineral 
claudetite) 


Arsenic(III) oxide is a toxic combustion product from 
the burning of arsenic and arsenic sulfides. These fuels 
were once widely used in pyrotechnics but are now 
mostly obsolete because of concerns about the toxicity 
of the materials themselves and of their combustion 
products. Arsenic(III) oxide is colorless as crystals and 
white as a powder or smoke. 
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Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.01 mg/m? (as As); 
IARC-1: carcinogen. 


UN hazard classification: PSN: arsenic trioxide; HC: 
6.1 — poison (UN1561). 


ARSENIC SESQUIOXIDE — See arsenic(III) oxide. 
ARSENIC SESQUISULFIDE — See arsenic(III) sulfide. 


ARSENIC SULFIDE — A poorly defined term used either 
for arsenic(II) sulfide, arsenic(III] sulfide or for mix- 
tures of these. 


ARSENIC(II) SULFIDE — [As4S4 — AsS and As») are 
seen in older literature] — {CAS 12279-90-2} — (Also 
arsenic sulfide, tetraarsenic tetrasulfide, arsenic disul- 
fide, red arsenic sulfide or red arsenic; the minerals 
realgar and pararealgar) 


Arsenic(II) sulfide is a pyrotechnic fuel of historical 
interest, but it is now mostly obsolete because of con- 
cerns about the toxicity of arsenic compounds, both as 
ingredients and as combustion products. It has been 
used in fireworks as a fuel in color-change relay 
compositions and in some small exploding devices 
such as firework torpedoes. Arsenic(II) sulfide can be 
mined as the mineral realgar or produced from arse- 
nopyrite [FeAsS]. As a powder, it is red, reddish- 
orange or yellow, but it turns black when heated to 
270 °C. 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.01 mg/m? (as As); 
IARC-1: carcinogic. 
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UN hazard classification: PSN: arsenic compound, in- 
organic solid, n.o.s. (arsenic sulfide); HC: 6.1 — poison 
(UN1557). 


Chemical_properties: Mixtures of arsenic(II) sulfide 
and oxidizers are sensitive to impact and friction. The 
sensitiveness to ignition depends on the oxidizer and 
on the kind of mechanical action (impact or friction) 
to which the mixture is subjected. A mixture of arse- 
nic(II) sulfide with: 


e potassium chlorate is quite sensitive to both impact 
and friction. (Such mixtures have been described as 
red explosive.) When sufficient water is added to the 
mixture, it loses its sensitiveness, but even up to 15% 
water content (i.e., a muddy state) it is not perfectly 
safe for handling. Alcohol does not lower the sensi- 
tiveness. 


e potassium perchlorate is sensitive to friction but not 
very sensitive to impact. 


e ammonium perchlorate is sensitive to impact but not 
very sensitive to friction. 


e potassium nitrate is not very sensitive to friction, and 
the sensitivity to impact is almost the same as that 
with potassium perchlorate. 


ARSENIC(III) SULFIDE — [As2S3] — {CAS 1303-33-9} — 
(Also arsenic trisulfide, diarsenic trisulfide, arsenious 
sulfide, arsenic sesquisulfide, king’s yellow or arsenic 
yellow; the mineral orpiment) 


Arsenic(III) sulfide is a pyrotechnic fuel of historical 
interest that is now mostly obsolete because of con- 
cerns about the toxicity of arsenic compounds, both as 
ingredients and as combustion products. It is produced 
from the native mineral orpiment, which often only 
requires being ground to powder before use. If neces- 
sary, it can be purified by sublimation. Arsenic(III) 
sulfide is a yellow to orange powder, but it turns to a 
red form at 170 °C. 


Density 


a) Code for reference source, see preface. 
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Health hazards: TLV-TWA: 0.01 mg/kg; IARC-1: 
carcinogenic. 


UN hazard classification: PSN: arsenic compound, in- 
organic solid, n.o.s. (arsenic sulfide); HC: 6.1 — poison 
(UN1557). 


Chemical _incompatibilities: Mixtures of arsenic(III) 
sulfide with potassium chlorate are very dangerous 
because of their sensitiveness to friction and impact. 


ARSENIC TRIOXIDE — See arsenic(III) oxide. 


ARSENIC TRISULFIDE and ARSENIOUS SULFIDE — 
See arsenic(III) sulfide. 


ARSENIC YELLOW -— See arsenic(III) sulfide. 
ARSENIOUS OXIDE — See arsenic(III) oxide. 
ARSENOUS SULFIDE -— See arsenic(III) sulfide. 


ARTICLES, PYROPHORIC — Devices that contain a py- 
rophoric substance (i.e., material capable of sponta- 
neous ignition when exposed to air) in addition to an 
explosive substance or component. 


ARTICLES, PYROTECHNIC — The proper shipping name 
for any device that contains pyrotechnic substances 
and is used for technical purposes such as heat gen- 
eration, gas generation or theatrical effects. Proximate 
audience pyrotechnic devices and pyrotechnic special 
effects are included in this classification. In the jargon 
of the trade, proximate audience pyrotechnic devices 
are often described as articles pyrotechnic. 


ARTICULATED SETPIECE — See setpiece. 
ARTIFICIAL BARRICADE — See barricade. 


ARTILLERY SHELL (consumer firework) — A small 
(usually 1% inches, 44 mm in diameter) consumer 
firework aerial shell that may be sold already loaded 
into its own cardboard mortar, or more commonly as a 
set of 6 or 12 separate shells with one mortar on a 
sturdy base that is designed for re-use (shown farther 
below). 


The term artillery shell, used in this way, began as a 
brand name but has become a somewhat generic term 
referring to almost any assemblage of small re- 
loadable shells. Such artillery shells are normally sold 
with a variety of colored star shells. Recent innovations 
include the frequent use of crackling effects, improved 
colors, much more powerful shell breaks and multi- 
break shells. 
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An unfortunate result of the naming of these relatively 
low-hazard devices is that occasionally news reports 
(and even public safety individuals) confuse these items 
with highly dangerous military ordnance. 


ARTILLERY SHELL (display firework) — (Also cannon- 
ade or cannonade shell) — An aerial shell that contains 
several salute components to produce a series of near- 
simultaneous explosions, a rapid series of explosions 
(typically a large number of small explosions some- 
times described as fusillading explosions) or a series 
of timed explosions (typically a small number of larger 
explosions). 


Anartillery shell may be either cylindrical or spherical 
in construction. Typically, the host shell only contains 
salute inserts, without other effects. The small internal 
salutes may be described as shots or reports, or they 
may be of a construction type described as a saetine. 
An example of a spherical artillery shell is illustrated 
farther below in cross section. 


Typically, the internal salutes rely upon precise timing 
to achieve a unique effect. The simplest effect is when 
all the salutes are timed to 
explode close to the same 
time. (This effect may be 
described as a battle in the 
clouds shell.) A well- 
patterned example of a fu- 
sillading salute effect is 
shown at the right as a com- 
posite of three exposures 
from video (each 1/30 s.). 


The first exposure (center point) captures the moment 
of the explosion of the shell; then after 2 seconds of 
dark sky, the salutes in the inner ring burst almost 


Photo credit: Dan Chubka 
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simultaneously; and after another 2 seconds of dark 
sky, the salutes in the outer ring of burst almost simul- 
taneously. (For clarity, the pattern seen is that of the 
titanium sparks produced by the small salutes and not 
the brilliant flashes of the exploding salutes.) 


Perhaps the next most simple effect is the timed report 
shell, which contains a series of individually timed sa- 
lute inserts (typically seven or nine in number) that 
are fused to explode in a precise meter, often simply 
at equal intervals. When this effect is produced by a 
cylindrical shell, often following the bursting of the 
series of small salutes, there will be a large concluding 
salute producing a distinctly louder report described 
as a bottom shot. 


A variation on the timed 
report shell, described as a 
rondelle, distributes small, 
timed reports in a circle in 
the sky, and they are fused 
such that the sequence of 
timed explosions proceeds 
quickly around the circle to 
form an expanding spiral. 
A portion of an example of 
this is shown at the right. 


Photo credit: Dan Chubka 
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The image is a composite of 20 exposures, each 1/30 
second. In the center is the remnant of the spark trail 
of the rocket that propelled the shell. Then, during a 
span of approximately 1.5 seconds, a total of 20 small 
salutes exploded in perfect sequence in a spiral pat- 
tern. This was followed in another approximately 1.5 
seconds by another 24 salutes completing another 
revolution in the expanding spiral pattern (not shown 
above). (For clarity, the pattern seen is of the titanium 
sparks produced by the small salutes and not the bril- 
liant flashes of the exploding salutes.) The rack of 44 
small, timed salutes is shown below (left). The yellow 
portions are the salutes, with their time fuses extending 
above, with the fuses primed by tying a short length 
of flat black match across their outer ends. 


Photo credit: Dan Chubka 


Each salute in the series has an incrementally longer 
time fuse. The increasing length of the fuses is more 
clearly seen in the image on the right, comparing the 
lengths of time fuse on the 12", 24" and 36" salutes in 
the series. 


The shell is assembled by lining the periphery of the 
cylindrical shell casing with two rows of the salutes 
(shown below). Following this, the center of the shell 
is filled with break charge and the shell is finished as 
normal. 


Photo credit: Dan Chubka 
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ASCENDING COMET - See comet type. 


ASCENDING EFFECT — See aerial shell enhancement 
technique (rising effect). 


ASCORBIC ACID — [CsHgO¢] — {CAS 50-81-7} — (Also 
L-ascorbic acid or vitamin C) 


Ascorbic acid is a pyrotechnic fuel used in some 
Black Powder substitutes for use in small arms. It is 
produced synthetically from glucose. Ascorbic acid is 
colorless as crystals and white as a powder. 


Structural formula: 


Characteristic | Value f@ 


Formula weig 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV: none established; PEL- 
TWA for nuisance dusts: 10 mg/m? (total dust) and 5 
mg/m’ (respirable dust). 


Ascorbic acid is relatively non-hazardous in routine 
industrial situations. It is not expected to present sig- 
nificant health risks to the workers who use it. 


UN hazard classification: not regulated. 


ASH — The incombustible, solid material that remains 
after something has been completely burned. Ash is 
relatively light and fluffy, as opposed to dross, which 
has been molten and will solidify on cooling. 


ASH CAN (fireworks) — An historical term for an ex- 
ploding firework (now illegal in the US) that is like, 
but somewhat larger than, a silver salute. An ash can 
usually had side fusing. (See exploding firework, ille- 
gal, US.) 


ASPECT RATIO — Either the ratio of the square of the 


length of a wing (or rocket fin) to the total wing area, 
or the ratio of its length to its average chord. 
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Airfoil 


A wing with a high aspect ratio has a relatively long 
length with respect to its chord; whereas a wing with a 
low aspect ratio has a relatively short length with re- 
spect to its chord. Lift is greater with higher aspect ra- 
tios, and induced drag is less. Structural requirements 
place limits on practical aspect ratios. 


ASPHALTUM-— {CAS 12002-13-6} — (Also Gilsonite™, 
natural asphalt, natural bitumen, mineral pitch, glance 
pitch or asphaltite) 


Asphaltum is occasionally used as a fuel and as a 
plastic-flow binder for pyrotechnic compositions. It 
occurs naturally, as an asphalt-like material (a solid 
hydrocarbon) mined in the western US. Asphaltum is 
a brown to black powder with a slight petroleum odor 
when heated. 


Characteristic (a) 


a) Code for reference source, see preface. 


b) Based on the empirical formulation: 
C10H14.019No.33300.124S0.012 


Health information: TLV-TWA: 5 mg/m? (inhalable 
fume). The fumes from heated asphalt are confirmed 
carcinogens. 


UN hazard classification: not regulated. 


ASPIRATION — The entry of a chemical substance into 
the trachea or lower respiratory system directly by in- 
halation through the oral or nasal cavity, or indirectly 
in conjunction with vomiting. Aspiration, especially 
of dusts, is one route of entry of toxic chemicals re- 
sulting in worker exposures. 


ASPIRATION HAZARD — See Globally Harmonized 
System of Classification and Labeling of Chemicals. 
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ASSISTANT, PYROTECHNIC — A person who works 
under direct supervision of the pyrotechnic operator. 


ASSISTED TAKE-OFF — (Abbreviated ATO) — When 
an aircraft uses a supplementary source of power to 
take-off, often in the form of a rocket motor(s) (see jet 
assisted take-off). 


ASTER MATCH — See match, Japanese. 


ASTM — Abbreviation for ASTM International, former- 
ly known as American Society for Testing Materials. 


At — Symbol for nozzle throat area. 


ATF -— See the Bureau of Alcohol, Tobacco, Firearms 
and Explosives (US). 


ATM — Abbreviation for atmosphere, a unit of pressure. 
ATMOSPHERE — (Abbreviated atm) — A unit of pressure 


originally equal to the average pressure exerted by an 
air column at sea level. 


| | 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


b) The unit psia = pounds per square inch as an absolute 
pressure and not a gauge pressure. 


Atmosphere can also refer to the layer of gas around a 
large body, such as the air around the earth. The 
earth’s atmosphere is densest near the ground and be- 
comes thinner (i.e., less dense) with increasing height 
(i.e., elevation). Space is effectively a vacuum with no 
air. Officially, space begins 100 km above the earth’s 
surface. Temperature also changes with altitude, but it 
is not a simple relationship. 


ATMOSPHERE (US), STANDARD — See standard at- 
mosphere (US). 


ATMOSPHERIC PRESSURE — (Also barometric pres- 
sure) — The pressure exerted by the mass of air sur- 
rounding the earth. This pressure varies with changes 
in weather conditions and decreases with increasing 
altitude. 


ATO — Abbreviation for assisted take-off. 
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ATOM — The smallest unit of a chemical element that 
retains its chemical identity. Atoms consist of a posi- 
tively charged nucleus surrounded by a cloud of nega- 
tively charged electrons. The nucleus in turn is com- 
posed of protons, which are positively charged, and 
neutrons, which are electrically neutral. Following is a 
grossly simplified and non-scaled illustration of the 
structure of an atom (helium). 


a ne 


NOs 
Ne 
Proton “ 
se ‘ P 
Neutron “ 


Nucleus 


Fora more detailed and correct discussion of the struc- 
ture of atoms, see quantum theory (atomic structure). 


ATOMIC ABSORPTION SPECTROSCOPY — (Abbrevi- 
ated AAS) — (Also AA spectroscopy) — A sensitive 
method (or instrument) used in analytical chemistry 
that can detect trace amounts of various atomic species. 
In the past, AA spectroscopy was frequently used for 
gunshot residue detection in criminal investigations. 


The instrument consists of three basic parts. 1) A hol- 
low cathode lamp, which is a light source producing 
the atomic emissions for the chemical element to be 
determined. 2) A burner or an electric tube furnace into 
which a small amount of the solution to be analyzed is 
introduced and subsequently broken into atoms by the 
high temperature prevailing in the flame of the burner 
or in the furnace. 3) A spectrometer to characterize 
the combined emissions of the hollow cathode lamp 
after passing through the flame of the burner, or the 
furnace. The basic configuration of the instrument is 
illustrated below. 


Hollow Cathode 
Lamp 


— | 
Solution a 4 
a 


Being Analyzed 


Spectrometer 


Gas Supply 


The atomic emissions from the hollow cathode lamp 
are made to pass as a beam of light through the flame 
(or furnace). When no atoms in the flame correspond 
to the atomic emissions produced by the lamp, those 
light emissions pass mostly unaffected through the 
flame and are detected at full strength by the spec- 
trometer. When the flame contains atoms correspond- 
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ing to those in the hollow cathode lamp, some of the 
lamp’s emissions will be absorbed by the atoms in the 
flame, as those atoms are promoted to their excited 
atomic states. Those absorbing atoms will have been 
produced by aspirating a test solution into the flame 
(or by introducing a small volume of the test solution 
into the furnace). 


The amount of attenuation of the atomic emissions 
from the lamp measured at a specific wavelength and 
expressed as the absorbance (which is the logarithm 
of the ratio of the un-attenuated to the attenuated in- 
tensity) will be proportional to the number of the cor- 
responding atoms in the flame and thus to the concen- 
tration of the corresponding chemical element in the 
original solution. Accordingly, a relatively simple cal- 
ibration using solutions of known concentration will 
allow the quantitative determination of the concentra- 
tion of solutions of unknown concentration. 


ATOMIC LINE SPECTRUM - See emission spectrum. 


ATOMIC MASS -— The relative mass of an atom of an 
element. In 1961 physicists and chemists, by interna- 
tional agreement, defined the unit of atomic mass as 
1/12 the mass of the most common isotope of carbon 
(carbon-12, °C). This unit is the unified atomic mass 
unit, commonly abbreviated as amu, but more correctly 
abbreviated simply as u. 


Atomic mass is a property of an individual atom. It is 
not the same as atomic weight, which is a property of 
a chemical element. More specifically, an atomic 
weight is the average atomic mass of all the atoms 
(including its various isotopes) in a sample of that el- 
ement. Atomic weight could only be the same as the 
atomic mass when all the individual atoms in that 
sample have the same atomic mass, as is the case for 
mono-isotopic elements such as aluminum and gold. 
In the many other elements, the sample will be com- 
posed of a range of different isotopes of that element. 


ATOMIC MASS NUMBER -— The total number of pro- 
tons plus neutrons in the nucleus of an atom. Atoms 
of the same chemical element always have the same 
number of protons, but they may have different num- 
bers of neutrons and hence different atomic mass 
numbers. For example, carbon atoms always have six 
protons, but may have six, seven or eight neutrons, so 
carbon atoms can have atomic mass numbers of 12, 
13 or 14. These are written as °C, °C and “C, respec- 
tively. Atoms of the same element having different 
atomic mass numbers are described as isotopes of that 
chemical element. 
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ATOMIC MASS UNIT— (Symbol: u) — (Abbreviated amu) 
— The unit commonly used in dealing with atomic and 
nuclear processes. It is defined as being equal to 1/12 
the atomic mass of a carbon-12 atom ['*C], which is 
1.66 x 10°’ kg. The name Dalton (symbol Da) is also 
sometimes used for this unit, but this is not approved 
by international nomenclature authorities. 


ATOMIC NUMBER — (Symbol: Z) — The number of pro- 
tons in the nucleus of an atom. All atoms of the same 
chemical element have the same number of protons 
and hence have the same atomic number. No two dif- 
ferent elements have the same atomic number. Thus, 
the atomic number for an element uniquely identifies 
that element and indicates its position in the periodic 
table of the elements. For example, all atoms of hy- 
drogen (atomic number 1) have only one proton; all 
atoms of oxygen (atomic number 8) have 8 protons; 
and all atoms of uranium (atomic number 92) have 92 
protons. 


ATOMIC ORBITAL — See quantum theory (atomic 
structure). 


ATOMIC PATTERN SHELL — See aerial shell name and 
description (specific). 


ATOMIC RADIUS — The distance from the atomic nu- 
cleus to the outermost stable electron orbital in an atom 
ina specified energy state. Unless otherwise specified, 
the atomic radius refers to the lowest energy state of the 
atom (i.e., its ground state). It is measured in picome- 
ters (pm) where 1 pm = 10° meters, or more com- 
monly in the past in angstrom units (A) a non-SI unit 
where 1 A = 10°'° meters. 


ATOMIC SPECTRUM — See emission spectrum. 


ATOMIC STRUCTURE — See atom and quantum theory 
(atomic structure). 


ATOMIC SYMBOL — See chemical symbol. 


ATOMIC WEIGHT — (Also gram atomic weight) — The 
average mass of an atom ofa chemical element, relative 
to 1/12 the mass of a carbon-12 atom ['7C]. Note that 
since atomic weight is a ratio, it does not have units. 
The atomic weight, to one decimal place, for some 
chemical elements commonly present in pyrotechnic 
materials is presented below. 
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Atomic Weight 


By definition, one mole of atoms has a mass equal to 
its atomic weight in grams. It is not uncommon in en- 
gineering circles to redefine the mole with units other 
than grams, such as kilogram-mole or pound-mole; 
unless otherwise indicated, herein the term mole refers 
to the gram-mole. 


Knowledge of atomic weight and molecular weight 
can be quite useful when developing pyrotechnic for- 
mulations. For example, the chemical equation for 
making zinc sulfide [ZnS] from zinc [Zn] and sulfur 
[S] is: 


Zn +S > ZnS 


This indicates that one mole of zinc reacts with one 
mole of sulfur to form one mole of zinc sulfide. From 
the above table, one can see that one mole of zinc has 
a mass of 65.4 grams, and one mole of sulfur has a 
mass of 32.1 grams. A mixture of zinc and sulfur in 
these amounts is referred to as a stoichiometric mixture 
because there is just enough of each reactant poten- 
tially to be consumed fully in the reaction (i.e., neither 
is left over). (See formula weight.) 


ATOMIZED — Material that has been reduced to very fine 
particles by a process using a spray of liquid material. 
(The term ‘atomized’ is sometimes misused to mean 
reduced to much smaller particles by most any method.) 
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In pyrotechnics: Some metal powders are produced by 
atomization. In this instance, molten metal is sprayed 
into a gas atmosphere and the droplets are allowed to 
solidify before the particles settle out. The shape of 
the particles produced is determined by a combination 
of the reactivity of the metal and the inertness of the 
atmosphere. When the metal is not especially reactive, 
and the atmosphere is relatively inert, nearly perfect 
spheres are produced. This is a result of surface ten- 
sion acting on the liquid droplets as they solidify. An 
electron micrograph of titanium particles that are al- 
most perfectly spherical is shown below. (The differ- 
ence in lightness of the particles is an artifact of elec- 
tron microscopy.) 


Because of aluminum’s greater reactivity with oxygen, 
it is especially difficult to produce highly spherical 
particles by atomization. This is because a shell of 
aluminum oxide forms on the particles before they 
have a chance to form more perfect spheres. An elec- 
tron micrograph of an aluminum metal powder that is 
described commercially as spherical is shown below. 


Atomized powders are less reactive than flakes or 
granular powders because atomized particles have 
lower surface-to-mass ratios and no sharp edges. Par- 
ticle shape is one factor that must be considered in the 
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control of pyrotechnic reactions rates (see burn rate, 
factor affecting). 


ATOMIZED ALUMINUM POWDER -— See aluminum 
powder manufacturing method. 


ATOMIZED TITANIUM - See titanium particle type. 


ATTENUATE — To reduce the magnitude of something. 
This term is often used to describe the reduction of an 
electrical signal. 


In explosives: Attenuate may be used to describe the 
reduction of an explosive effect. For example, the at- 
tenuation of a shock wave by taking an action to de- 
crease its amplitude, such as can be achieved by 
providing added separation distance. 


ATTITUDE — The orientation of a rocket or aircraft with 
respect to its three axes of rotation and a plane of ref- 
erence (e.g., the ground below) or some line of refer- 
ence. The attitude of the vehicle is typically described 
by its pitch, yaw and roll (illustrated below). 


Vertical Axis 
(Yaw) 


Lateral Axis 
(Pitch) 


Center 
of Gravity 


Longitudinal 
Axis (Roll) 


ATTITUDE CONTROL SYSTEM — A system used to con- 
trol, and in some cases to determine and report, the at- 
titude of a rocket or aircraft. It can be as simple as the 
fins on a model rocket used to control its flight in the 
direction in which it was launched, or, if fins are canted, 
to impart a roll (i.e., spin) to the rocket for additional 
stabilization. More complex systems may include sen- 
sors, gyroscopes, electronics, control rockets and/or 
control surfaces. 


AU or A-— Symbol for angstrom unit. 


AUDIBLE SOUND - A sound containing frequency 
components lying between approximately 20 and 
20,000 hertz, which is accepted as being within the 
range of human hearing. It should be noted that the 
upper frequency limit is greatly dependent on the age 
and history of an individual. 


AUDIBLE TRACK WARNING SIGNAL — Sce torpedo, 
railway. 
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AUDIENCE — See spectator. 


AUDITORY SENSATION AREA -— In acoustics, the fre- 
quency region enclosed by the two curves defining the 
threshold of audibility (as the lower limit) and the 
threshold of pain (as the upper limit). At the lowest 
audible frequencies, sound transitions from audible 
into feeling. 


AUER METAL — See mischmetal. 


AUGENDRE’S POWDER — See powder type (white 
powder) 


AUGMENTATION EFFECT — See aerial shell enhance- 
ment technique. 


AURAMINE O — [Ci7H2»N3Cl] — {CAS 2465-27-2} — 
(Also bis[4-(dimethylamino) phenyl] methaniminium 
chloride (IUPAC name), auramine or auramine hy- 
drochloride) 


Auramine O is a diphenyl-methane dye used as a py- 
rotechnic smoke dye. It is a bright yellow powder. 


Structural formula: 


a) Code for reference source, see preface. 


Health information: A related compound (auramine, 
{CAS 492-80-8}) is rated IARC-2: possibly carcino- 
genic to humans. 


UN hazard classification: not regulated. 


AUTHORITY HAVING JURISDICTION — (Abbreviated 
AHJ) — The local governmental agency with official 
responsibility for regulating and granting permits for 
an activity including the use of pyrotechnics (e.g., 
firework displays, flame effects, special effects and 
manufacturing sites). 


AUTO BURGLAR ALARM - See auto fooler. 
AUTOCATALYTIC REACTION -— (Also auto-catalyzing 
reaction) — A chemical reaction in which one (or 


more) of its products acts as a catalyst for that particular 
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reaction. Autocatalyzed reactions are often important 
in fires and explosions. They can cause accidents when 
they occur unintentionally in pyrotechnic composi- 
tions. (Autocatalytic reactions are closely related to 
chemical chain reactions.) 


With chlorate and sulfur mixtures: The combination of 
sulfur with chlorate is historically the most infamous 
cause of spontaneous pyrotechnic ignitions. It is also 
well known that under certain conditions mixtures of 
sulfur and chlorate can remain perfectly stable, even 
after many decades. The mixtures used in the heads of 
matches are good examples. 


The paradox was explained (Tanner, 1959) in that the 
problem begins with the accumulation of polythionic 
acid species [H2S,O6] on the surface of sulfur [S] by 
reaction with oxygen and moisture in the air: 


2nS + 2H.O + 502 > 2 H2S,06 


This reaction is especially likely to happen with sub- 
limed sulfur, described as flowers of sulfur, because 
of the very large surface area of this form of sulfur. 
(The slow oxidation of flowers of sulfur to form poly- 
thionic acids is useful when the sulfur is used as a 
horticultural fungicide or to lower the pH of garden 
soil.) The accumulated polythionic acids eventually 
decompose, releasing sulfur dioxide [SOz]: 


H2S,06 > H2SO4 + SOr + (n — 2) S 


In chlorate-sulfur mixtures, this acts as a trigger for an 
autocatalytic reaction involving the gases sulfur diox- 
ide [SO2] and chlorine dioxide [ClO2]. The sulfur di- 
oxide reacts with potassium chlorate [KCIO3], to pro- 
duce chlorine dioxide, which in turn reacts with sulfur 
to form more sulfur dioxide: 


2 KCIO3 + SOx > K2SO4 + 2 ClO2 
48 + 2ClO. > 2S8SO2 + SoCh 


Note that one initial molecule of sulfur dioxide results 
in the production of two molecules of sulfur dioxide. 
Because there is a net production of energy with each 
cycle (approximately 500 kJ/mol of KCIO3) and be- 
cause of the increasing concentration of sulfur dioxide, 
spontaneous ignition can result. 


The problem is reduced when the composition in- 
cludes neutralizers such as metal carbonates, which 
act to prevent the accumulation of the polythionic acids 
that start the process. 


With nitrocellulose: The degradation (i.e., decomposi- 
tion) of nitrocellulose during storage is an example of 
an autocatalytic reaction. Nitrogen dioxide [NO2], a 
decomposition product of nitrocellulose, is very reac- 
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tive and attacks other locations in the nitrocellulose 
molecule. This produces more NO2, which promotes 
the further decomposition of the nitrocellulose in an 
accelerating fashion. 


AUTO FOOLER -— A once popular consumer firework 
designed to be ignited by the high voltage spark from 
a motor vehicle’s ignition system. An example of one 
type of auto fooler is shown below. The two dark 
bands around the item are from discolored cellophane 
tape. Also, the wires from the device are wrapped 
around the middle of the unit. 


The firework would be attached to the spark plug wiring 
when the vehicle was not running, unbeknown to the 
operator of the vehicle. Subsequently, when the op- 
erator tried to start the vehicle, the firework would ig- 
nite, typically producing smoke, a whistling sound and 
end with a small explosion (normally produced by a 
Chinese firecracker) to startle and annoy the operator 
of the vehicle. 


An example of a box of a type of auto fooler (Auto 
Hot-Shots) is shown below, along with an enlarged 
and enhanced copy of the illustration thereon. 


Photo Credits: Tom Wenke 


The directions on the box read: “Wrap either wire 
around spark plug terminal, letting the other wire 
dangle against the motor block, or wrap around any 
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other metal part for a ground.” The installation of an 
auto fooler is shown below, where, in addition to the 
two wires described above, the device is also secured 
to a structural member of the vintage vehicle. 


Photo Credit: Tom Wenke 


The description on the box reads: “The instant your 
“victim” steps on the starter, they go BANG! Attach 
several, one on each plug, and you get a rapid-fire series 
of BANGS. Attach in ten seconds. No harm to the au- 
tomobile.” 


Auto foolers became available in the early-to-mid 20" 
century and continued to be available until the late 
20" century. Very recently a type of auto fooler, one 
that smokes and whistles but does not terminate in a 
bang, has again become available. Given the difficulty 
in attaching wires to spark plugs, the potential to do 
damage to wiring and other engine components and 
given current sensibilities with respect to car-bombs, 
it seems unlikely that tis will gain much popularity. 


AUTOGENOUS IGNITION TEMPERATURE — See auto- 
ignition temperature. 


AUTOIGNITION — See spontaneous ignition. 


AUTOIGNITION, PYROTECHNIC — The ignition of a 
pyrotechnic composition either at ambient tempera- 
ture or at some elevated temperature but without an 
external means of ignition. (See thermal runaway 
temperature and spontaneous ignition.) 


AUTOIGNITION TEMPERATURE (fire science) — The 
lowest ambient temperature to result in the ignition 
and self-sustained combustion of non-pyrotechnic ma- 
terials in a normal atmosphere and under prescribed 
conditions without an external source of ignition. 
(Contrast with flash point.) 


AUTOIGNITION TEMPERATURE (pyrotechnic) — See 
thermal runaway temperature. 
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AUTOMATED FIRING UNIT — See firing unit, electrical. 


AUTOMATIC FLAME EFFECT -— See flame effect mode 
of operation. 


AUTOMATIC TORPEDO (fireworks) — See spit devil. 
AUTOMOBILE AIRBAG — See airbag, automobile. 


AUTO OXIDATION (fire science) — A moderately rapid 
combination of some substance with the oxygen con- 
tained in air, under normal ambient conditions and 
without an external source of energy being supplied. 
Auto oxidation can produce a spontaneous ignition. 
Some examples of auto oxidation potentially leading 
to ignition are piles of oily rags, piles of freshly-cut 
and baled hay, and stores of newly-prepared charcoal. 


AUTO-TIRE JOKER — (Also auto-tire bomb, auto- 
wheel joker, tire bomb, blow-out imitator or blow-out 
simulator) — A device popular and sold at firework 
outlets in the early to mid-20" century (before the 
Child Protection Act banned powerful exploding 
fireworks in the US). In essence, an auto-tire joker 
consisted of a firework torpedo of substantial size that 
would be attached by some means to the tire of a 
parked vehicle, unbeknown to the vehicle driver. 
When the vehicle was moved, the torpedo would be 
crushed between the tire and the roadway, to produce 
a loud, but relatively-harmless, explosion. This would 
startle the person in the vehicle, thinking that a tire 
had blown out, much to the delight of the jokester. One 
configuration of an auto-tire joker is shown below. 

Aca TTttyt 


Photo Credit: Tom Wenke 


This device consists of a disk of light-weight chip- 
board to which a strip of adhesive tape has been ap- 
plied. A cylindrical casing is glued to the tape and 
contains firework torpedo composition. The directions 
for the device read: “When ready to use pull tabs on 
underside of disk to expose adhesive. Place disk in 
approximate center of tread and press adhesive firmly 
to tire. Use on paved surface.” 
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A box that contained 12 of these devices and de- 
scribed as ‘The Latest and Best AUTO FUN MAKER!’ 
is shown below. 


DOZEN 


"AUTO TIRE JOKERS 


nHARMLESS TO TIRES" 
mie 


The latest and Best AUTO FUN aia 


A PRODUCT OF NEW JERSEY FIREWORKS MFG. CO.., INC. 
OFFICE & FACTORY-- ORCHARD ROAD, VINELAND, N. J. 


Photo Credit: Tom Wenke 


Another version of this type of device used a different 
style torpedo and it was fastened to the tire by a stiff 
spring-like wire (shown below). 


Photo Credit: Tom Wenke 


The use of this device (described as a Blow-Out Imi- 
tator) is illustrated in Figure | of its patent (1938, US 
2,112,488) (left) with an enlargement of the portion 
showing the device in position on the tire (right). 


FD. 7. 
7 


Photo Credit: Tom Wenke 


Reportedly, the torpedo used on these devices was of- 
ten simply the firework torpedo commonly known as 
a globe torpedo. In the drawing, A is the torpedo, B is 
its chipboard backing and C is the spring-like fas- 
tening wire. 


AUTO WHEEL JOKER (fireworks) — See auto-tire joker. 
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AUXILIARY PARACHUTE -— See parachute. 


AUXOCHROME - A smoke color enhancer with a 
chemical group attached to a chromophore molecule to 
produce enhanced light adsorption in the visible range. 


AVAILABLE ENERGY — See energy, available. 


AVERAGE AMBIENT SOUND LEVEL (regulatory defi- 
nition) — The root mean square (RMS) of the A- 
weighted sound pressure level measured over a 24- 
hour period. 


AVERAGE, ARITHMETIC — See statistic (mean). 


AVERAGE BURNING RATE — The arithmetic average 
(i.e., statistical mean) burn rate of a pyrotechnic or 
propellant composition under specified conditions. 


AVERAGE EXHAUST VELOCITY - See exhaust velocity. 
AVERAGE VALUE - See statistic (mean). 


AVOGADRO’S LAW — (Also Avogadro’s hypothesis or 
Avogadro’s principle) — See gas law. 


AVOGADRO’S NUMBER — (Also Avogadro’s constant) 
— The number of atoms or molecules in one mole (i.e., 
gram-molecular weight) of any substance. This is 
6.02252x10* atoms or molecules. Under standard 
conditions of temperature and pressure (0 °C and 1 
atmosphere), | mole of an ideal gas occupies a volume 
of 22.413 liters, which is also known as the molar 
volume. At the new IUPAC preferred standard pres- 
sure of 1 bar, the molar volume is now 22.711 liters at 
0° C. This volume of an ideal gas contains Avogadro’s 
Number of molecules. 


AVOIRDUPOIS — (Also avoirdupois weight) — A system 
of weight commonly used in the US, and formerly 
most English-speaking countries, to weigh items other 
than drugs, precious metals and precious stones. This 
system is based on the pound weight, consisting of 16 
ounces. 


A-WEIGHTED and A-WEIGHTING (sound) — See sound 
pressure level measurement. 


AWG — Abbreviation for American Wire Gauge. (For 
wire gauge resistances and sizes, see wire resistance.) 


AXIAL PRIMING — A system for priming high explosives 
by using a core of priming material (such as det-cord) 
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that extends through most or all the length of the ex- 
plosive charge. 


AXIS OF ROTATION (general) — Any of several imagi- 


nary lines of reference through an object’s center of 
gravity and about which the object does or can rotate. 
The two most general types of axes of rotation are il- 
lustrated below. 


<— Longitudinal 
Axis 


Transverse 
Axis ———~ 


longitudinal axis — The axis aligned with the central 
axis of a tube or rod. This is in contrast with the many 
possible transverse axes that intersect with the longi- 
tudinal axis at a 90-degree angle. 


For objects that do not have axial symmetry, it may 
not always be clear what constitutes the longitudinal 
axis. In that case, the longest linear dimension that 
passes through its center of gravity may be taken as 
the longitudinal axis. In other cases, if the object is in 
motion, a line in the direction of motion and through 
its center of gravity may be taken as its longitudinal 
axis. For example, the longitudinal axis of an airplane 
is the line running from its nose to its tail. 


transverse axis — Any of the many possible axes lo- 
cated in a plane aligned at a 90-degree angle with the 
longitudinal axis of a tube or rod and passing through 
its center of gravity. 


AXIS OF ROTATION (rocketry) — Three imaginary lines 


of reference about which a rocket body does or can 
rotate. These are illustrated below. 


Vertical Axis 
(Yaw) 


Lateral Axis 
(Pitch) 


Center 
of Gravity 


Longitudinal 
Axis (Roll) 


pitch axis — The pitch axis is the lateral transverse 
axis through the aero-body at the point of its center of 
gravity (producing nose up and nose down motion). 


Encyclopedic Dictionary of Pyrotechnics 


roll axis — The roll axis is the longitudinal axis 
through the aero-body at the point of its center of 
gravity (producing rotation along its flight path). 


yaw axis — The yaw axis is the vertical transverse ax- 
is through the aero-body at the point of its center of 
gravity (producing nose right and nose left motion). 


AZANE — See ammonia. 


AZEOTROPIC MIXTURE — A mixture of two or more 
substances where the liquid and vapor phases (in equi- 
librium) have the same composition. Such mixtures 
cannot be purified by distillation. 


AZIDE — A chemical substance containing a functional 
group consisting of a linear chain of 3 nitrogen atoms. 


In inorganic chemistry: The azide group in inorganic 
compounds is the azide ion [N3 ], which can be 


viewed as three double-bonded nitrogen atoms with 
the central nitrogen having a net positive charge and the 
two terminal nitrogen atoms each having a net negative 
charge: 


N- = NSN 


Inorganic azides are salts of hydrazoic acid [HN3], for 
example, lead(II) azide [Pb(N3)2]. Azides are im- 
portant as primary high explosives. 


In_organic chemistry: The azide group in organic 
compounds can likewise be viewed as three double- 
bonded nitrogen atoms with the central nitrogen having 
a net positive charge; only one of the two terminal ni- 
trogen atoms has a net negative charge, and the other 
terminal nitrogen is bound to a hydrocarbon group 
[denoted generically as R]: 


R=—=N=N=N 


Organic azides are formed when the hydrogen atom in 
hydrazoic acid is replaced by a hydrocarbon group. Or- 
ganic azides are often extremely sensitive explosives. 


AZIMUTH -— (Also angle of azimuth) — The angle be- 
tween an object (in the observer’s horizontal plane) 
measured with reference to a specified direction (il- 
lustrated below). In most instances, azimuth is meas- 
ured as the clockwise angle from North, which is de- 
fined as 0° azimuth. 
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<— Object 


Azimuth 


<— Observer 


Knowing the length of the base line (between the two 
objects, d) and measuring the two azimuth angles to an 
object of interest in the plane of the observers, (A; and 
Az), the location of the object relative to the observers 
can be determined using relatively simple trigonome- 
try as illustrated below (see position location). 


<—— Object 
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B — The symbol for brightness and for the chemical 
element boron. 


Ba — The symbol for the chemical element barium. 


BABBITT METAL — (Also white metal or pot metal) — 
Any of several metal alloys having a wide range of 
compositions that include lead, antimony, tin and 
copper. An example of these alloys was patented in 
1839 by the American goldsmith and inventor Isaac 
Babbitt (1799-1862), who developed it for use in 
bearings. The melting point of Babbitt metal is less 
than half that of pure lead and quite close to the melting 
point of tin (approximately 450 °F or 230 °C). In the 
past, some metal toys (e.g., tin toy soldiers) were made 
of various Babbitt alloys. Other Babbitt metal toys 
occasionally included toy cap guns, toy cap darts and 
toy cap bombs. Today, plastics have replaced Babbitt 
metals for use in making these toys. 


BACK BREAK (blasting) — (Also over break) — Rock 
that is fractured or ground that is loosened beyond the 
line of blast holes most recently detonated. 


BACK BURN -— The ignition of a barrage or multiple- 
tube device from both ends (i.e., from both the start 
and the end of the chain fusing). This may be done 
for various reasons. First, if the two ignitions are 
simultaneous, the intensity of firing will double (at the 
expense of cutting the firing time in half). Second, if 
a cake or finale ceases to fire at some point before its 
completion, the second ignition point can be used to 
resume its firing. The most common reason for a back 
burn is to prevent the firing of a cake or finale ex- 
tending beyond its intended time window, such that 
the firing ceases at nearly the precise ending of a 
piece of music. In this case, the back burn is started a 
few to several seconds before the end of the time 
window. 


Most large, multiple-tube devices have extra fusing to 
chain fusing each unit with another device; this same 
fusing can be used to initiate a back burn. 


BACKDRAFT -— The especially vigorous combustion 
(possibly even an explosion) that occurs with the 
sudden introduction of air into an environment con- 
taining super-heated, fuel-rich products of combustion, 
such as in a building fire. 


BACKGROUND NOISE - Random or other perturbations 


in data that are not part of the event specifically being 
investigated. Examples include electrical noise on data 
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signal lines, the sounds of spectator cheering and the 
functioning of fireworks during musically choreo- 
graphed firework displays, and changes in ambient 
light while measuring the spectrum of a rocket plume. 


BAFFLE (rocketry) — See ejection baffle. 
BAG MINE — See mine (mine shell). 
BAKED POWDER -— See Wiener powder. 


BAKELITE™ -— An _ early commercial phenol- 
formaldehyde resin, patented in the United States in 
1907 by Belgian-American chemist Leo Baekeland 
(1863-1944). Bakelite was used to make radio and 
telephone cases, electronic components, circuit 
boards and screw-top lids for glass jars and bottles. 
For these applications, the resin was usually rein- 
forced with a filler such as asbestos fibers or wood 
flour. Dyes or pigments were also commonly added 
to color the final product. 


In fireworks: Powdered phenol-formaldehyde resin has 
been used successfully as a substitute for red gum as 
a fuel in colored-star compositions. This application 
requires pure phenol-formaldehyde resin, rather than 
Bakelite, as the latter normally contains fillers and 
other additives that would detract from its perfor- 
mance as a pyrotechnic fuel. 


BAKING SODA — See sodium hydrogen carbonate. 


BALANCE — An instrument used to determine the mass 
of some object or the quantity of a substance. The 
term may also be used to indicate some type of equi- 
librium, such as a stoichiometric balance of fuel and 
oxidizer in a pyrolant. 


BALLAST — Weight (i.e., mass) added to an object, of- 
ten for improving its stability. 


In fireworks: A significant weight can be added at one 
point in an aerial shell (e.g., near the casing wall), to 
cause the shell to tend to orient itself with the weight 
leading the shell’s direction of travel. This is the re- 
sult of separating the center of gravity and the center 
of pressure of the shell. In this way, the likelihood of 
a pattern shell being oriented as intended at the time 
of its explosion is increased. 


In rocketry: Adding weight to the nose cone or for- 
ward compartment of a rocket can add to the rocket’s 
stability. This is the result of moving the center of 
gravity forward such that it is sufficiently ahead of 
the center of pressure of the rocket. (See the rocket 
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flight stabilization method described as aerodynamic 
stabilization.) 


BALL COMET - See comet type. 


BALLING — The method of preparing relatively uni- 
form powder in the shape of tiny spherical particles. 
This process is used in the manufacture of some pro- 
pellants, especially when the propellants will be loaded 
in automated processes. 


The term is also occasionally used to describe the 
process of making spherical or rolled firework stars 
(see star manufacturing). 


BALLISTIC BODY — An object that is free to move under 
ambient conditions or forces, such as the result of 
gravity and the pressure of gases in a gun barrel or 
firework mortar. 


BALLISTIC COEFFICIENT — (Symbol: B.) — (Also bal- 
listic efficiency) — A number that indicates a projec- 
tile’s ability to coast through a fluid medium, most 
typically air. Itis inversely proportional to the negative 
acceleration imparted to the projectile by its interaction 
with the fluid; thus, a high value of the ballistic coef- 
ficient indicates that the negative acceleration is 
small in proportion to the mass of the projectile. In 
physics and engineering, the ballistic coefficient is 
the ratio of the mass (m) of the projectile to the product 
of its drag coefficient (Ca) and the projected area (S) 
of the projectile in its direction of motion: 
m 


oes 


The term ballistic coefficient may be confused with 
sectional density, which is simply the mass of an object 
divided by its reference area (i.e., the cross-sectional 
area of the object in the direction of its motion). Also, 
some areas of technology have favored different ap- 
proaches to specifying the ballistic coefficient (e.g., 
see below). 


In bullet ballistics: Ballistic coefficients for projectiles 
for a given firearm are commonly specified by com- 
parison with a standard projectile (of similar shape). 
The standard projectile is defined as having a ballistic 
coefficient equal to 1.00 under all conditions. Another 
projectile will then have a ballistic coefficient less 
than, equal to, or greater than the standard projectile 
under a defined set of conditions. In this application 
(and for projectiles of the same sectional density), the 
ballistic coefficient (B.) is equal to the ratio of the 
drag force acting on a specific projectile (Fa) to that 
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for the standard projectile (Fz). Under the same con- 
ditions (e.g., air density and bullet velocity) this rela- 
tionship becomes the ratio of drag form factors (Dy) 
for the two projectiles, which in turn are the products 
of each of the projectile’s drag coefficient (C/) and 
reference area (S) (1.e., the cross-sectional area of the 
projectile in the direction of its motion) 


Cp : S, 


° Fi, Dy 
Ballistic coefficients may be used with ballistic tables 
to estimate the trajectory, time of flight and terminal 
velocity ofa projectile. It is extremely rare for the bal- 
listic coefficient to remain constant over any signifi- 
cant range of velocities. An object with a higher bal- 
listic coefficient will always travel further (i.e., lose 
less of its velocity with time) than one with a lower 
ballistic coefficient, given the same initial conditions. 


In model rocketry: The greater a rocket’s ballistic co- 
efficient, the higher it will coast after finishing the 
boost phase of its flight. The ballistic coefficient (B-) is 
the weight of a rocket (W) divided by its drag form 
factor (Dj), which in turn is the product of the rocket’s 
drag coefficient (Ca) and its reference area (S), (the 
cross-sectional area of the rocket in the direction of 
its motion): 


EAS 
Because a rocket’s drag coefficient varies with its ve- 


locity, among other factors, its ballistic coefficient is 
not a constant. 


BALLISTIC CONDITIONS — That set of conditions af- 


fecting the motion ofa projectile while in the mortar or 
barrel (described as internal ballistics) and as it travels 
through the atmosphere (described as external ballis- 
tics). For external ballistics, these conditions include 
muzzle velocity; the weight, size and shape of the pro- 
jectile; air density; air temperature; and wind velocity. 


standard ballistic conditions — A set of ballistic 
conditions that are arbitrarily assumed as standard for 
computation of the trajectory of ballistic projectiles. 


BALLISTIC CURVE — See ballistic trajectory. 
BALLISTIC EFFICIENCY — See ballistic coefficient. 


BALLISTIC MISSILE— A missile that follows a ballistic 


(1.e., non-guided) trajectory to its target after being 
controlled (i.e., guided) during its propulsion phase. 
They range from very short-range tactical missiles up 
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to intercontinental missiles. Typically, the missile is 
guided during powered flight in the upward part of its 
trajectory and becomes a free-falling body in the latter 
stages of its flight toward its target. 


BALLISTIC MODELING, EXTERNAL (fireworks) — An 
external ballistic model is a mathematical representa- 
tion of the flight of a free-flying object that has no 
means of guidance. Such a model can be applied to 
the flight of an aerial shell after leaving the mortar. 
The usual purpose is to predict the location of an aerial 
shell as a function of time, with respect to its launch 
position. Examples from one computer model of the 
trajectories of 6-inch aerial shells fired from variously 
angled mortars, under a specific set of conditions, are 
presented below. The location of the shell after each 
successive one-second interval is indicated with an 
enlarged symbol. 
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Ballistic models are based on the science of fluid dy- 
namics and Newtonian (i.e., classical) mechanics. In 
some instances, the solution of fluid dynamic prob- 
lems can be accomplished using the standard methods 
of calculus. It can be argued that simpler iterative al- 
gebraic methods (i.e., computer modeling) are more 
suitable for fireworks, given that many of the re- 
quired values are not known, poorly known or based 
on a table of typical experimental results. 


The models operate by starting at the point of launch 
and successively calculating the velocity and position 
of the aerial shell based on its previously calculated 
(or known) location and velocity. This approach is 
described as an iterative solution. With modern per- 
sonal computers, the iterative computation of location 
and velocity in very small increments of time are 
quickly performed. 


The accuracy of the results of the model will not only 
be a function of the correct application of the physics 
and mathematics, but also of the accuracy of the values 
for all the properties of the aerial shell and the fluid 
(i.e., air) through which it travels. For this reason, it 
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is always appropriate to seek experimental verification 
of modeled results. The arrangement used in field tri- 
als to collect data for verification of a recently devel- 
oped computer model is shown below. The mortar is 
positioned at a 30-degree tilt angle and fitted with 
equipment to measure the muzzle velocity of the 
shell being fired. An instrumented van used to record 
the data is also shown. 


Some properties of an aerial shell that need to be 
known to predict its ballistic performance accurately 
are its: mass, muzzle velocity, dimensions, shape, sur- 
face roughness, symmetry and rotational speed. In ad- 
dition, if there are attachments to the shell (e.g., gar- 
nitures, attached fuse and wires), complete data on 
such attachments and any changes in these properties 
that may occur during flight are needed. Finally, the 
properties of the fluid (1.e., air) through which the shell 
passes need to be known as a function of height above 
ground level, including its density, viscosity and ve- 
locity (independent of the velocity of the aerial shell). 


Because many of the above variables are either not 
known or only poorly known, it is common to use 
average or typical values for these parameters in bal- 
listic calculations. Also, not usually considered are 
effects caused by a launch vector that is not aligned 
perfectly with the initial mortar tube axis. Foremost 
of these is bore balloting and deflections of the mor- 
tar support system produced by recoil forces during 
firing. In addition, trajectory changes (attributed to 
the Magnus force) often result from the spinning (1.e., 
tumbling) of the aerial shell after firing. One way to 
account for the effects of bore balloting and Magnus 
effects in aerial shell ballistic calculations is to add a 
tolerance to the shell’s calculated position. This tol- 
erance is often described as aerial shell drift and has 
been determined empirically for typical aerial shells 
under typical conditions. 


BALLISTIC MODIFIER — An additive incorporated into 


a smokeless-based propellant composition to alter its 
rate of burning. Examples of ballistic modifiers are 
iron(II) oxide [Fe2O3], amorphous carbon (also char- 
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coal), copper phthalocyanine (a blue pigment) 
[C32Hi6CuNs] and oxamide [(NH2)2C209]. 


BALLISTIC MORTAR — A laboratory instrument used to 
measure the relative strength of an explosive material. 
See explosive output tests. 


BALLISTIC MORTAR TEST and BALLISTIC PENDU- 
LUM TEST — See explosive output tests (ballistic mor- 
tar test). 


BALLISTICS — The study or calculation of the motion of 
objects or projectiles in free flight (i.e., not otherwise 
controlled or guided). These calculations can quickly, 
economically and safely predict the performance of 
projectiles including aerial display shells and non- 
guided missiles under a wide variety of conditions. 


external ballistics — (Also exterior ballistics) — The 
branch of ballistics dealing with the motion of an ob- 
ject during its free flight. Flight in an atmosphere re- 
quires consideration of things such as the atmosphere’s 
density and temperature, as well as the object’s mass, 
configuration and velocity. These calculations can be 
used to analyze the flight trajectory of things such as 
a bullet, artillery projectile or firework aerial shell af- 
ter it is ejected from a gun barrel or mortar. 


In fireworks: See ballistic modeling, external. 


internal ballistics — (Also interior ballistics) — Cal- 
culations analyzing the motion of a bullet or artillery 
projectile within a gun barrel or a firework aerial 
shell within a mortar. Internal ballistics may also be 
used to describe the study of burning propellants in 
such a system. 


In fireworks: See aerial shell internal ballistics. 


terminal ballistics — Calculation and analysis of the 
impact and destructive effects of a bullet or artillery 
projectile against various targets. 


BALLISTIC TEST AND EVALUATION SYSTEM — See 
propellant grain geometry (rocketry) (BATES grain). 


BALLISTIC TRAJECTORY — (Also ballistic curve) — 
The trajectory or path of an object in free flight that is 
acted on only by gravitational forces and the re- 
sistance of the medium through which it passes. A 
rocket without lifting surfaces is in a ballistic trajec- 
tory when its motor or engine stops producing thrust. 
A firework aerial shell follows a ballistic trajectory 
after leaving its mortar. 
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BALLISTIC WAVE — An audible disturbance or sound 
wave caused by the compression of air ahead of a 
high velocity projectile in flight. 


BALLISTITE — See smokeless powder type. 
BALL MILL — See mill. 


BALLON -— See firework name and description (histori- 
cal). 


BALLOTING — See bore balloting. 
BALL POWDER - See smokeless powder type. 


BALLS and BALLS-n — Jargon for the National Ex- 
perimental Rocket Launch, where n is the sequential 
number of the individual launches (e.g., Balls-8 was 
the 8" launch, which occurred in the year 2000.) 
‘BALLS’ is reputed to stand for ‘Big-Ass Load- 
Lifting Suckers’. 


BALL SHELL — See spherical aerial shell. 

BALL, SPECIAL EFFECT — See Sweeny gun. 
BALL STAR — See star manufacturing (rolled star). 
BALL TYPE CAP — See cracker ball. 


BALSA WOOD — Wood obtained from trees of the genus 
Ochroma, especially O. pyramidale, native to the rain- 
forests of South and Central America. It has a very 
high strength-to-weight ratio, which makes it ex- 
tremely popular for aeromodel building (e.g., model 
rockets and boost gliders). Balsa wood is composed 
of very large, open cells. It easily absorbs shock and 
vibration, and can be cut, shaped and formed with 
tools readily available to most modelers. 


Balsa is available in a wide range of densities, ranging 
from approximately 4 to 18 pounds per cubic foot 
(0.064 to 0.29 g/cm’). It is also available in three 
grain types (illustrated below in cross section). 
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Cross-section of Balsa Log 


A-grain is cut with the width of the boards (i.e., 
sheets) tangent to the tree’s annular rings. B-grain is a 
randomly oriented cut. C-grain is cut with the width 
of the boards perpendicular to the annular rings. Each 
grain type has applications for which it is best suited. 


BALTIC AMBER — See amber powder. 


BAM -— Abbreviation for Bundesanstalt fiir Materi- 
alpriifung. 


BAM FRICTION SENSITIVENESS TEST — See friction 
sensitiveness test, BAM. 


BAM IMPACT SENSITIVENESS TEST — See impact 
sensitiveness test. 


BANANA OIL — See pentyl acetate. 


BAND SPECTRUM - See emission spectrum (molecular). 


BANGER (fireworks) — A term mainly used in Great 
Britain and Australia. In the past, English firework 
companies manufactured large quantities of these ex- 
ploding fireworks for sale to the public. The devices 
were generally known as bangers or, depending on 
the price, as penny bangers. They were designed for 
audible, rather than visual effect. Bangers were of a 
relatively simple construction, using blue touch paper 
for initial ignition. The touch paper in turn ignited a 
slender paper tube filled with a compacted fuse com- 
position, based on Black Powder, that acted as a de- 
lay before granular Black Powder (or sometimes a 
flash powder) was ignited in a thicker-walled card- 
board tube. To achieve explosive burning of the 
Black Powder, confinement was provided by plug- 
ging the tube with clay or with sawdust bonded with 
lacquer, or by crimping the end of the tube. Examples 
of British bangers are shown below 
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Photo Credit: Tony Cardell 


The term banger is also sometimes used for exploding 
fireworks of oriental origin, but the fusing and con- 
struction of these fireworks, more commonly known 
as firecrackers or Chinese crackers, are different from 
the traditional British design. They are usually pro- 
vided with Chinese tissue-paper fuse and sometimes 
with visco fuse. 


BAR — A non-SI unit of measure for pressure. A bar is 
exactly 100 kilopascals and is conveniently close to 
the standard atmospheric pressure. 


| = 


a) The pressure unit psi = pounds per square inch. 


BARATOL — A castable explosive consisting of a mix- 
ture of TNT and barium nitrate. Since it is less brisant 
than TNT, it can be used as a dispersing charge (i.e., 
a burster) for items such as flares or other projectiles. 


BARBECUE MATCH - See match, fireplace. 
BARE MATCH - See black match. 
BARIUM BINOXIDE — See barium peroxide. 


BARIUM CARBONATE — [BaCO3] — {CAS 513-77-9} — 
(Also barium salt of carbonic acid; the mineral with- 
erite) 


Barium carbonate is used in pyrotechnic compositions 
as an acid neutralizer (especially in compositions that 
include a chlorate). It is also used as a delay agent in 
glitter compositions and occasionally as a green- 
flame color-agent. Barium carbonate can be refined 
from the mineral witherite by heating it to expel carbon 
dioxide, extracting the residue with water, and reacting 
the resulting solution of barium hydroxide with car- 
bon dioxide gas. It can also be obtained from soluble 
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barium salts by adding carbon dioxide gas and am- 
monia to precipitate barium carbonate. It is colorless 
as crystals and white as powder. 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.5 mg/m’ (as Ba). 


UN_hazard_ classification: PSN: barium compound, 
n.o.s. (barium carbonate); HC: 6.1 — poison inhala- 
tion hazard (UN1564). 


BARIUM CHLORATE MONOHYDRATE = 
[Ba(ClO3)2°H20]— {CAS 10294-38-9! —(Also barium 
chlorate, barium dichlorate, barium salt of chloric acid) 


Barium chlorate monohydrate is an historically im- 
portant oxidizer in the production of green pyrotechnic 
flames. It can be industrially produced from an aque- 
ous solution of sodium chlorate and barium chloride. 
Barium chlorate monohydrate is colorless as crystals 
and white as powder. 


Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV-TWA: 0.5 mg/m? (as Ba). 


UN hazard classification: PSN: barium chlorate; HC: 
5.1 — oxidizer (UN1445). 


Pyrotechnic _uses: Barium chlorate burns well in 
combination with shellac to produce a beautiful 
green-colored flame. The spectrum consists of three 
clear bands from barium monochloride molecules. 
Barium chlorate can produce a deep-green color even 
in low-temperature flames (e.g., those without mag- 
nesium as a fuel), and it is widely regarded as the 
best of the green-flame color-agents. However, be- 
cause of the current reluctance to use chlorates, its 
use has greatly declined in recent years. 


BARIUM CHLORIDE — [BaCl2] — {CAS 10361-37-2} 
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Barium chloride is a decomposition product of bari- 
um chlorate. It would be an excellent green color- 
agent, except that it is too hygroscopic for practical 
use. Barium chloride is colorless as crystals and 
white as powder. 


Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV-TWA: 0.5 mg/m? (as Ba). 


UN_hazard_ classification: PSN: barium compound, 
n.o.s. (barium chloride); HC: 6.1 — poison inhalation 
hazard (UN1564). 


BARIUM CHROMATE(VI) — [BaCrO.] — {CAS 10294- 


40-3} (Also barium chromate oxide, ultramarine yel- 
low, lemon chrome or baryta yellow) 


Barium chromate(VI) is an oxidizer used in low-gas 
and gasless delay compositions. It is yellowish as 
crystals and yellow as powder. 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.05 mg/m? (as Ba 
and Cr(VI)); PEL-TWA: 0.005 mg/m? (as Cr(VI)). 


UN_hazard_ classification: PSN: barium compound, 
n.o.s. (barium chromate); HC: 6.1 — poison inhalation 
hazard (UN1564). 


BARIUM DICHLORATE — See barium chlorate mono- 


hydrate. 
BARIUM DINITRATE — See barium nitrate. 
BARIUM DIOXIDE — See barium peroxide. 
BARIUM DIPERCHLORATE -— See barium perchlorate. 


BARIUM ION, SPOT TEST FOR — See spot test (barium 
and strontium ion). 
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BARIUM MONOCHLORIDE — [BaCl’] = {CAS 14832- 
99-6} 


Barium monochloride is the greatly preferred chemi- 
cal species in the production of green-colored flames. 


Properties: Barium monochloride is a gaseous mo- 
lecular free radical that is stable only at elevated 
temperatures, such as those of pyrotechnic flames. It 
is produced by chemical reactions in the flame of a 
suitably formulated pyrotechnic composition. (See 
colored-flame chemistry.) 


Molecular weight = 172.78 g/mol 
Enthalpy of formation = — 142 kJ/mol 


Color emission: The color purity of barium chloride 
(96%) is significantly greater than that of barium 
monohydroxide [BaOH’] (80%), and its dominant 
wavelength (522 nm) is slightly greener than barium 
monohydroxide (507 nm). (See color measurement 
(color purity) and (dominant wavelength).) More im- 
portantly, barium monochloride is more stable at 
flame temperatures than barium monohydroxide: 


BaCl > Ba + Cl AH = 443 kJ/mol 
BaOH > BaO + H AH = 330 kJ/mol 


Consequently, barium monochloride can be generated 
in much greater concentrations than can barium mono- 
hydroxide. Its green emission then dominates over 
the many other (i.e., non-green) light-emitting species 
present in the flame. The visible light spectrum of 
barium monochloride is presented below, along with 
the intensity of its various spectral bands. 
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The CIE-1931 2° coordinates for its color point in the 
chromaticity diagram (presented below) are X = 
0.094 and Y = 0.811, corresponding to a purity of 
96% and a dominant wavelength of 522 nm. (See 
color measurement (color point) and (chromaticity 
diagram).) 


Barium 
Monochloride 


BARIUM MONOHYDROXIDE — [BaOH’] — {CAS 
12009-08-4} 


Barium monohydroxide is responsible for the charac- 
teristic green color seen when barium compounds are 
introduced into the flame of a Bunsen burner in the 
traditional flame-test for barium. In pyrotechnic 
flames, it does not compete well with the many other 
(i.e., non-green) light-emitting species present. Thus, 
barium monohydroxide is definitely not the preferred 
chemical species to produce green-colored pyrotechnic 
flames. Such flames are usually produced with barium 
monochloride [BaCl']. 


Properties: Barium monohydroxide is a gaseous mo- 
lecular free radical that is stable only at elevated 
temperatures, such as those of pyrotechnic flames. It 
is produced by chemical reaction in the flame of a 
suitably formulated pyrotechnic composition. (See 
colored-flame chemistry.) 


Molecular weight = 154.34 g/ mol 
Enthalpy of formation = — 226 kJ/mol 


From a spectroscopic perspective, barium monohy- 
droxide and barium monochloride are very similar 
molecules. The hydroxyl group [OH] behaves like a 
halogen atom, and the electronic structures of the two 
molecules are very similar. Both molecules emit 
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strongly in the green region of the spectrum. They are 
both similarly stable with respect to dissociation to 
atomic barium and either chlorine [Cl] atoms or hy- 
droxyl radicals (AH is 443 kJ/mol for BaCl and 445 
kJ/mol for BaOH). Barium monohydroxide, however, 
can dissociate into barium oxide and hydrogen atoms, 
and this is more favorable energetically (AH is 330 
kJ/mol). 


Attempts to generate barium monohydroxide in a py- 
rotechnic flame usually result a flame dominated by 
barium oxide, which emits white light with a greenish 
tinge. While it is possible to produce green pyrotechnic 
flames based on barium monohydroxide emissions, 
there is no point in doing so, given the excellent re- 
sults so readily obtainable with barium monochloride. 
(For an example of a formulation of historical interest 
that produced green flame based on barium monohy- 
droxide, see ammonium picrate.) 


Color emission: The color purity of barium monohy- 
droxide (80%) is significantly less than that of barium 
monochloride (96%); also, its dominant wavelength 
(507 nm) is slightly less green than barium mono- 
chloride (522 nm). (See color measurement (color 
purity) and (dominant wavelength).) The visible light 
spectrum of barium monohydroxide is presented be- 
low, along with the intensity of its various spectral 
bands. 
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The CIE-1931 2° coordinates for its color point in the 
chromaticity diagram (presented below) are X = 
0.066 and Y = 0.606, corresponding to a purity of 80% 
and a dominant wavelength of 507 nm. (See color 
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measurement (color point) and (chromaticity dia- 
gram).) 


Barium 
Monohydroxide 


BARIUM MONOXIDE — See barium oxide. 


BARIUM NITRATE — [Ba(NO3)2] — {CAS 10022-31-8} 
(Also barium dinitrate, barium salt of nitric acid; the 
very rare mineral nitrobarite) 


Barium nitrate is a common pyrotechnic oxidizer and 
green-flame color-agent. It can be prepared from nat- 
urally occurring barium carbonate (the mineral with- 
erite) by reacting the mineral with nitric acid. It can 
also be prepared from naturally occurring barium sul- 
fate (i.e., the mineral barite) by reducing the sulfate 
to the sulfide with carbon and then reacting the sul- 
fide with sodium nitrate in aqueous solution. It is 
colorless as crystals and white as powder. 


Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV-TWA: 0.5 mg/m? (as Ba). 


UN _ hazard classification: PSN: barium nitrate; HC: 
5.1 — oxidizer (UN1446). 


Chemical properties: When barium nitrate is heated 
above its melting point, it decomposes into barium 
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oxide [BaO], oxides of nitrogen [NO and NO»] and 
oxygen [Oz]: 


Ba(NO3)a(s) > BaOvs) + 2 NOxeg) + % On(g) 
2 NOxg) <> 2 NOg) + Orc) 


A mixture of barium nitrate and shellac in the weight 
ratio of 5:1 burns well, producing a pale green- 
colored flame. The color is due to the emission spec- 
trum of barium monohydroxide molecules in the 
flame; it is diluted (i.e., whitened) by emission from 
barium oxide molecules. 


A wet mixture of barium nitrate and aluminum often 
reacts exothermically, producing ammonia and _ hy- 
drogen gas. This tendency is common with other ni- 
trates except ammonium nitrate (see aluminum). 


In pyrotechnics: Barium nitrate is a widely used oxi- 
dizer in fireworks. It is used as the oxidizer in some 
flash powder type, those more commonly used in 
large firework salutes and flash break charges. Bari- 
um nitrate is used in some glitter compositions (see 
glitter chemistry), it is the principal oxidizer used in 
wire-cored sparklers, and it is used in some fountain 
and gerb compositions. 


Barium nitrate has been, and still is, an important 
color-producing agent for Bengal lights, firework star 
and lance compositions. It is primarily used for green 
flames, but it can also be used for white flames. For 
example, an intense white light can be obtained from 
a mixture of 65% barium nitrate and 35% magnesium 
with no source of chlorine present. On the other hand, 
when 20% (additional) polyvinyl chloride (PVC) is 
added to that mixture, a brilliant green flame can be 
obtained due to the action of the chlorine, which 
forms barium monochloride molecules in the flame 
(see colored-flame chemistry). 


Barium nitrate is used as an oxidizer in some modi- 
fied thermite compositions described as thermates. It 
is also used as an oxidizer and flame color-agent in 
signal flare compositions. 


BARIUM OXIDE — [BaO] — {CAS 1304-28-5} — (Also 
barium monoxide, baryta, barium protoxide, calcined 
baryta or barium protoxide) 


Barium oxide is a decomposition product of barium 
nitrate and is a reaction product in the smoke result- 
ing from the combustion of pyrotechnic compositions 
that contain barium compounds. It is colorless as 
crystals and white as powder. Barium oxide occurs in 
the gas phase in the flames of pyrotechnic composi- 
tions containing barium salts. Its molecules emit band 
spectra across the visible spectrum and thus impart a 
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white or greenish-white color to the flame. This can 
be useful if a white flame is desired but is detrimental 
if the desired flame color is green. (See colored-flame 
chemistry. 


Characteristic 


a) Code for reference source, see preface. 
Health information: TLV-TWA: 0.5 mg/m’ (as Ba). 


UN_hazard_ classification: PSN: barium oxide; HC: 
6.1 — poison inhalation hazard (UN1884). 


BARIUM PERCHLORATE — [Ba(C104)2]— {CAS 13465- 
95-7} — (Also barium perchlorate anhydrous, barium 
diperchlorate or barium salt of perchloric acid) 


Barium perchlorate might be expected to be a useful 
pyrotechnic oxidizer and green color-agent, but it is 
so hygroscopic (i.e., it is deliquescent) as to be im- 
practical in unbound or aqueous-bound compositions. 
Anhydrous barium perchlorate has been used success- 
fully in compositions bound with polymerizing resins 
in sufficient quantity to provide for its protection from 
moisture. Barium perchlorate is a white, crystalline 
solid or powder that readily converts to a colorless 
liquid solution on exposure to the moisture in the air. 


BARIUM PEROXIDE — [BaOz2] — {CAS 1304-29-6} — 
(Also barium binoxide or barium dioxide) 


Barium peroxide is a reactive oxidizer used in some 
specialized pyrotechnic compositions. It is prepared 
by heating barium oxide [BaO] in air. Barium perox- 
ide is a gray to white powder. 


(d) = decomposes around 800 °C. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.5 mg/m? (as Ba). 


UN hazard classification: PSN: barium peroxide; HC: 
5.1 — oxidizer (UN1449). 
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Pyrotechnic uses: Barium peroxide can be mixed 
with magnesium metal powder and used as an igni- 
tion mixture for thermite, which has an especially 
high ignition temperature. Barium peroxide is used as 
an oxidizer in ignition compositions for tracers and 
as an oxidizer and flame color-agent in some green- 
burning tracer compositions. It is also used as a reac- 
tive oxidizer in some delay compositions. 


BARIUM PROTOXIDE — See barium oxide. 


BARIUM SULFATE — [BaSQO,] — {CAS 7727-43-7} — 
(Also blanc fixe or basofor; the mineral barite) 


Barium sulfate is occasionally used as a green-flame 
color-agent and as a high-temperature oxidizer in 
strobe compositions. It can be refined from the min- 
eral barite, and it can be obtained from soluble bari- 
um salts or from barium carbonate (the mineral with- 
erite) by reacting it with sulfuric acid. When pure, it 
is colorless as crystals and white as powder. 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 10 mg/m’. 


UN hazard classification: not regulated. 


BARIUM SULFIDE — [BaS] — {CAS 21109-95-5} 


Barium sulfide is a reaction product produced by 
compositions containing barium compounds and sul- 
fur (e.g., see glitter chemistry). It is produced indus- 
trially by reducing barium sulfate (the mineral barite) 
with carbon. Barium sulfide is a white powder when 
pure; when impure, it is a yellowish green to gray 
powder and is often phosphorescent, glowing in the 
dark after having been exposed to light. 


Characteristic Value 


a) Code for reference source, see preface. 
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b) Barium sulfide solution reacts with COz in the air to form 
hydrogen sulfide. 


Health information: TLV-TWA: 0.5 mg/m’ (as Ba). 


UN hazard classification: not regulated. 


BARLOW’S FORMULA — A formula for estimating the 
pressure burst strength (P,) for a thin-walled tube or 
pipe (with a wall thickness less than one tenth the di- 
ameter of the tube): 


_2-7.W 
OD 


P, 


b 


Here, 7; is the stress the material can sustain (often 
taken as yield strength for sustained pressure or ten- 
sile strength for short term pressures), W is wall 
thickness, and OD is the outside diameter of the tube. 
Some texts use ID instead of the more conservative 
OD in the equation. 


BAROMETER — An instrument for measuring atmos- 
pheric pressure. The most common types are the mer- 
cury barometer, invented in 1643 by the Italian phys- 
icist Evangelista Torricelli (1608-1647), and the an- 
eroid barometer, invented in 1844 by French physi- 
cist Lucien Vidi (1805-1866). The aneroid barometer 
is a mechanical differential pressure gauge in which 
the atmospheric pressure is compared to a reasonably 
high vacuum contained in a chamber that flexes as 
the external pressure changes. A more recent type of 
barometer, the Micro Electro Mechanical Systems (or 
MEMS) barometer, is an extremely small device be- 
tween | and 100 micrometers (0.001 to 0.1 mm) in 
size. Such barometers are manufactured by photoli- 
thography or photochemical machining for use in 
miniaturized electronic barometers and altimeters. 


BAROMETRIC ALTIMETER — See altimeter (pressure 
altimeter). 


BAROMETRIC PRESSURE — See atmospheric pressure. 


BARRAGE BOARD — A firework device consisting of a 
board (typically wooden) with several short mortars 
(usually paper or cardboard and of a relatively small 
caliber) glued to it. The mortars are preloaded with 
small aerial shells, comets or mines and are chain 
fused. A barrage board may sometimes be referred to 
as a bombardo rack. 


BARRAGE, FIREWORK -— (Also firework salvo or 
flight) — A rapidly fired sequence of aerial or low- 
level fireworks. Usually, all devices are identical or 
similar in the effect produced. A barrage is the effect 
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produced, not the collection of fireworks used to 
achieve it. For example, a Roman candle battery may 
be used to produce a barrage. A firework finale is al- 
so a type of barrage, composed of a large collection 
of aerial shells that have been chain fused to fire in 
rapid sequence. 


artificial barricade — A man-made barricade, such 
as an earthen mound or in some cases a screen barri- 
cade. 


earthen barricade — (Also mound barricade) — A 
mound of earth intended to act as a barricade. The 
photo below shows a series of three magazines (their 


roof tops are barely visible) that have been barricaded 
using earthen mounds. 


BARREL, GUN — See gun barrel. 
BARRELING — See bore balloting. 


BARRICADE — A physical barrier intended to reduce 


the effects of an explosion or other accident on some 
object in another location. One example is the placing 
of physical barriers around an explosives magazine to 
protect things such as other magazines, residences 
and public highways from the effects of an explosion 
of the magazine. Other examples of barricades are the 
use of personnel blast shields (see safety equipment) 
during manufacturing and the use of barriers around 
firework devices at a firework display. 


If a barricade is used to reduce the regulatory re- 
quirements concerning distance and quantity, the bar- 
ricade must meet certain specifications. To be effec- 
tive, the height of the barricade should be adequate to 
intercept a line drawn from the top of the side wall of 
the magazine to the eave line of other buildings as il- 
lustrated below. 


Magazines 


fad 


For highways and railways, the height of a barricade 
should extend horizontally to a point at least 12 feet 
(3.7 m) above the center of a highway or railway. 


natural barricade — A barricade provided by natu- 
ral terrain features such as hills or a dense stand of 
trees. Two Type 4 magazines are shown below as be- 
ing effectively barricaded from other structures by 
the surrounding hills and forest. 
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screen barricade — A barrier intended to prevent 
embers and burning debris from a fire or deflagration 
in one building causing the fire to spread to other 
buildings. The barricade may be made of metal roof- 
ing, screen (4 to '4-inch mesh) or equivalent. The 
barricade should be such that it extends from ground 
level to a height at least 5 feet (1.5 m) above a 
straight line drawn between the top of the side walls 
of the buildings. It is preferred that the top 5 feet (1.5 
m) of the barricade be angled towards the donor 
building at 30° to 45°. An alternative is to extend the 
height of the barrier, as shown below. 


firework barricade — A physical barrier used dur- 
ing firework displays for the protection of both the 
crew and the spectators. An example of a firework 
barricade is shown below. In this case, a piece of par- 
ticleboard has been staked in place for protection in 
the event of a mortar explosion. 
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Another example of barricading is simply the use of a 
sand-weighted plastic pail for the placement of a 
small multiple-tube device, as shown below. 


BARRICADED — Describes a magazine, building, rail- 
way or highway protected, typically from another 
magazine or other building containing explosives, by 
a natural or artificial barrier. 


BARRICADED DISTANCE — The permitted distance 
from a barricaded building to other things, such 
buildings or railroads, as enumerated in the applica- 
ble regulations (see quantity-distance table). Typical- 
ly, the distances are to be doubled when there is no bar- 
ricading. 


BARRIER- An object or interposing material designed 
to withstand penetration of some other object or ma- 
terial. Typically, a barrier can be characterized as be- 
ing waterproof, greaseproof, water-vapor-proof or a 
combination of these. Often such barriers are com- 
posed of multiple layers of various materials such as 
kraft paper, cotton fabric, aluminum foil, polyeth- 
ylene, cellulose acetate and Mylar. 


Depending on their construction and the nature of the 
protection provided, barriers may also be character- 
ized such as being bullet-proof or fire-proof. Other 
barriers for personnel protection while manufacturing 
or handling explosives may be described as safety 
shields (see safety equipment). 
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Temporary fences erected to keep unauthorized per- 
sons away from firework display sites and fallout 
zones may be described as barriers. See barricade. 


BARROWMAN EQUATIONS — A set of equations and 
methods developed in 1966 by American researchers 
James S. Barrowman and Judith A. Barrowman for 
predicting the center of pressure (CP) for a typically 
designed rocket. The equations were based on seven 
major assumptions: 


e The flow over the rocket is potential flow (i.e., no 
vortices or friction). 


e The point of the nose is sharp. 

e The fins are thin flat plates with no cant. 
e The angle of attack is very near zero. 

e The flow is steady state and subsonic. 

e The rocket is a rigid body. 


e The rocket is axially symmetric. 


Today, center of pressure calculations still use the 
Barrowman method although they are sometimes 
coupled with extensions to overcome some of the 
limitations of the original assumptions. 


BARYTA — See barium oxide. 
BARYTA YELLOW — See barium chromate. 


BASE (chemical) — A substance that reacts with an acid 
in an acid-base reaction. Such a reaction is described 
as neutralization, and the products are water and a 
salt (or a salt solution). 


The chemical concept of a base was first introduced 
in 1754 by French chemist Guillaume-Frangois Rou- 
elle (1703-1770). He noted that an acid (and in those 
days the well-known acids were corrosive liquids) 
could be converted into a stable solid salt by combin- 
ing it with a specific substance that could be thought 
of as the foundation or ‘base’ of that salt. 


There are several acid-base theories. The more com- 
mon ones, each more general than the preceding, are: 


Arrhenius theory: Proposed in 1884 by the Swedish 
scientist Svante Arrhenius (1859-1927) states that a 
base increases the concentration of hydroxide ions 
[OH ] in an aqueous solution. For example, sodium 
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hydroxide [NaOH] is a base because it releases hy- 
droxide ions when it dissolves in water: 


NaOH > Na’ + OH 


Some general properties of an Arrhenius base include 
a bitter taste (opposed to the sour taste of an acid), a 
slimy or soapy feeling on the fingers, a caustic reaction 
with organic matter and reaction (sometimes violent) 
with acidic substances. An aqueous solution of a base 
conducts electricity and turns red litmus paper blue. 


Bronsted-Lowry theory: Developed independently in 
1923 by the Danish physical chemist Johannes 
Bronsted (1879-1947) and the English physical 
chemist T. Martin Lowry (1874-1936) states that a 
base is a substance that can accept a proton [H’]. For 
example, the hydroxide ion [OH | is a base because it 
can accept a proton to form water: 


2H* + OH > H2O 


Lewis theory: Developed in 1923 by the American 
physical chemist Gilbert Lewis (1875-1946) states that 
a base is an electron-pair donor. A Lewis base forms 
covalent bonds with another ion or molecule that can 
donate a pair of electrons. For example, ammonia 


[NH3] is a Lewis base because it donates a pair of 


electrons to a hydrogen ion, to form an ammonium 
ion [NH4"]: 


NH3 + H* > NH,* 


BASE CHARGE — The final or main explosive charge 
in a device. 


In_a detonator: The base charge is an increment of 


secondary high explosives (often RDX or PETN), 
which enhances the shock wave produced by the det- 
onator’s primary high explosive charge (illustrated 
below in cross section). 

Electronic 


Delay 
Module 


Base Charge 
(Secondary HE) 


Primer Charge Electric Leg Wires 
(Primarily HE) Match 


In a squib: The base charge of a squib is a pyrotechnic 
composition that enhances the output of the squib’s 
electric match (illustrated below in cross section). 
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Pyrotechnic Metal 


Base Charge - Casing Legwires 


Electric Match Sealing Plug 


Assembly 


In blasting: The term base charge may refer to the ex- 
plosive charge loaded into the bottom (i.e., base) of a 
blast hole. 


BASE DRAG - See drag force. 


BASE, FIREWORK — The bottom surface of a firework 
(usually a consumer firework) that provides for its 
physical stability. The base may be nothing more 
than the bottom of a series of tubes comprising the 
firework. More appropriately, the base is a solid 
member of either wood or plastic, typically larger 
than the tube or group of tubes it is supporting. 


In the US, the requirement for a base is that its mini- 
mum dimension (other than thickness) must be at 
least 1/3 the height of the firework. This is required 
to make it less likely that the device will tip over and 
fire horizontally while firing. Firework bases are al- 
most universally either molded plastic (shown below 
on the left with red arrows) or wood with circular 
groves cut into it to accept the mortars (below, right, 
yellow arrows). 


BASE FOUNTAIN — See fountain type. 

BASE LINE — A line of known length and direction be- 
tween two reference points. Base lines are used in 
various methods of two-and three-dimensional posi- 
tion location. 


BASE SI UNIT — See unit, base SI 


BASIC (chemistry) — See alkaline. 
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BASIC COPPER(II) CARBONATE — See copper(II) 
carbonate, hydroxide. 


BASIC COPPER SULFATE — See copper(II) sulfate— 
copper(II) hydroxide (1/3). 


BASIC CUPRIC CARBONATE — See copper(II) car- 
bonate hydroxide. 


BASIC EXPLOSION TYPE — See explosion type, basic. 


BASIC FIREWORK ROCKET TYPE — See firework 
rocket type, basic. 


BASIS WEIGHT — See paper basis weight. 
BASOFOR - See barium sulfate. 


BATCH - A specific quantity of composition or num- 
ber of items produced at one time. Some manufactur- 
ers number their batches and print the batch number 
on the label of the device, but this is not common for 
firework manufacturers. 


BATES GRAIN or BATES PROPELLANT GRAIN — 
BATES is an acronym for BAllistic Test and Evalua- 
tion System. See propellant grain geometry (rocketry). 


BATF or BATFE — Abbreviation for the US Bureau 
of Alcohol, Tobacco, Firearms and Explosives. 


BATON ROUND - (Also deterrent projectile, non-lethal 
projectile, plastic bullet or rubber bullet) — A round 
of ammunition having a projectile intended to inflict 
severe pain on impact with a person’s body without 
causing death or permanent injury. Such devices have 
been widely used by law-enforcement personnel in 
attempts to subdue and disperse unruly crowds. Ba- 
ton rounds are typically of large caliber (1.5 inches, 
38 mm) and are fired from purpose-designed weap- 
ons. Two examples made in the United Kingdom in 
the 1970s are shown below. 


Photo credit: Halls Holdings Limited 


The black round at the top of the picture has a projec- 
tile made of rubber, while the projectile of the other 
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round is made of wood. In each example, the projec- 
tile extended almost to the bottom of the cartridge 
case, which held a small charge of Black Powder that 
was ignited by the flash from a percussion cap 
mounted at the center of the base of the cartridge in 
the usual way. Such rounds were originally developed 
for use against rioters in British Overseas Territories 
during the break-up of the British Empire. Later, they 
were widely used by British police and soldiers during 
the ‘troubles’ in Northern Ireland from 1968 to 1998. 


Even though baton rounds were intended to be non- 
lethal, fatalities and serious injuries sometimes re- 
sulted from their use. Consequently, efforts have 
been made to produce projectiles that are less likely 
to cause injury but still inflict enough pain to distract 
and discourage a person engaging in riotous behav- 
ior. Such projectiles may have a thick coating of plas- 
tic foam, or they may consist of a thick-walled con- 
tainer, made of soft rubber or flexible plastic, con- 
taining heavy metal balls that provide momentum but 
do not contact the target. An example of a device of 
the latter type is disclosed in US Patent 6,371,028 B2 
awarded in 2002 to British inventor Michael E. Sax- 
by. Some other designs for non-lethal projectiles in- 
corporate a container of dye. When the projectile 
strikes the target, the dye is forcibly expelled and 
sprays over the target, so that a rioter who leaves the 
scene may subsequently be identified. Such a device 
is disclosed in US Patent 3,733,727 awarded in 1973 
to American inventors Kenneth W. Jones and Edward 
H. Richie. Recently, Austrian inventors Kurt Peter 
and Heribert Seidler applied for a patent for a non- 
lethal projectile to be propelled from any hand-held 
firearm, thus converting a lethal weapon into a non- 
lethal one. The spherical projectile has a protruding 
peg that is pushed into the barrel of a firearm; when 
the weapon is fired in the normal way, the bullet im- 
pacts a bullet trap inside the projectile, whereby a 
fraction of the kinetic energy of the bullet is imparted 
to the projectile while the balance is converted to 
heat. Details are disclosed in US Patent Application 
2015/0260494 Al. 


BATTERY — See battery, electrical; battery, firework; 
and multiple-tube device (aerial). 


BATTERY BOX — A closable container or compartment 
intended for the housing and transport of electrical 
batteries. When firework displays are to be fired 
electrically with batteries as the power source, it is 
strongly advised to secure those batteries in a battery 
box, as shown below. 
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The use of a battery box is convenient when trans- 
porting the batteries to or about the display site. 
When multiple batteries are used, they can be 
prewired together as shown above). Much more im- 
portantly, the use of a battery box is a matter of safe- 
ty. A battery box essentially precludes the possibility 
of accidentally shorting out the batteries by dropping 
a metal tool or other metal item on the battery termi- 
nals, which also eliminates the risk of any accidental 
ignitions that might result from the shower of sparks 
produced by shorting the terminals. It also reduces 
the possibility of the batteries tipping over to spill 
their acid contents. 


BATTERY CUP PRIMER - See primer, small-arms. 


BATTERY, ELECTRICAL — An electrochemical cell or, 
more properly, several connected cells, that use chem- 
ical potential energy to generate an electromotive force 
capable of producing a sustained electric current. 


There are two broad ways of classifying batteries. 
The first distinguishes batteries as either primary bat- 
teries, which are not easily re-chargeable and are dis- 
carded when they have been discharged, or secondary 
batteries, which are designed to be recharged. A fa- 
miliar example of a primary battery is the zinc- 
carbon dry cell, and a familiar example of a second- 
ary battery is the lead-acid battery. The second classi- 
fication distinguishes batteries according to the de- 
gree of ‘wetness’ of the chemicals within the cells. 


wet-cell battery — An electrochemical cell that con- 
tains a pourable electrolyte. The most common wet- 
cell battery in present use is the lead-acid battery 
used in automobiles and for many other purposes. 
Many wet-cell batteries have the advantage of being 
capable of supplying very high electric currents (1.e., 
hundreds of amperes) because of their extremely low 
battery internal resistance. 


gel-cell battery — A modification of the common 
wet-cell battery that employs a gelled electrolyte. 
Frequently, the battery chemistry has been adjusted 
such that the unit may be tightly sealed (two exam- 
ples are shown below). 
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Equipment using internal rechargeable batteries typi- 
cally employ sealed gel-cell batteries. While gel-cell 
batteries usually cannot provide current levels quite 
as high as wet-cell batteries, typically, they still can 
deliver tens of amperes. 


dry-cell battery — A battery that has a paste elec- 
trolyte that is only damp (some small examples are 
shown below). The common zinc/carbon and alkaline 
cells are of this type. 
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Typical dry-cell batteries have a limited ability to 
provide electric currents (typically less than a few 
amperes), but some larger versions (not shown) can 
provide larger sustained currents. 


lead-acid battery — A battery (either a wet-cell or a 
gel-cell) with lead anode plates, lead(IV) oxide cath- 
ode plates and aqueous sulfuric acid as a principal 
component of its electrolyte. 


thermal battery — (Also reserve battery) — A type 
of primary battery, used mainly in military applica- 
tions, in which the electrolyte consists of a molten 
salt. At storage temperatures, the electrolyte is an in- 
active solid, so the battery has an exceptionally long 
shelf life — 20 years or more. When required for use, 
the battery is heated to the melting point of the elec- 
trolyte by a pyrotechnic heat source, whereupon it 
becomes active for as long as the electrolyte is mol- 
ten. Typically, the battery remains active for no more 
than about ten minutes, often for much less. An early 
example of such a battery was disclosed in US Patent 
3,575, 714 filed in 1953 by American inventors Ow- 
en G. Bennett and John P. Woolley. The cells of this 
battery had anodes of calcium and cathodes of nickel; 
the electrolyte was a eutectic mixture of potassium 
chloride and lithium chloride supported on fiberglass. 
Several heating mixtures were disclosed, one being a 
mixture of 21% powdered zirconium and 79% bari- 
um chromate. The battery could be activated within 
0.5 second and could deliver 25 amps at between 2 
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and 2.5 volts for approximately 10 seconds. More re- 
cent batteries, as discussed in US Patent Application 
2008/0289676 Al filed in 2007 by American inven- 
tors Ronald Armand Guidotti and Scott Brian Pres- 
ton, have anode plates made of a compressed mixture 
of electrolyte and a powdered alloy of 44% lithium 
and 56% silicon. The cathode plates are made of a 
compressed mixture of electrolyte and powdered 
iron(II) disulfide. To increase the active life of the 
battery low-melting electrolytes are used, such as for 
example the eutectic mixture of lithium bromide, po- 
tassium fluoride and lithium fluoride that melts at 
317 °C. Separator plates are made of a compressed 
mixture of electrolyte and magnesium oxide. The 
heating composition is a mixture of iron powder and 
potassium perchlorate ignited by a fuse strip of 
Zr/BaCrOy, heat paper. 


water-activated battery — A type of primary bat- 
tery, in which the electrolyte is an inactive solid acti- 
vated by adding water or, in the case of a sea water 
activated battery, in which the added water is the 
electrolyte. At storage temperatures, the electrolyte 
either inactive or absent, so the battery has an excep- 
tionally long shelf life and is itself inactive. Various 
types of water-activated battery, using seawater as 
the electrolyte, have been used in military marine 
mines and torpedoes and in marine distress signals so 
that the device is initiated on immersion in sea water. 
A port allowing seawater to enter the battery remains 
closed until the device enters the sea. Such a battery, 
intended for use in a marine mine, was proposed in 
1912 by German inventor Franz Biindgens in British 
Patent 27,630 of 1912. A water-active battery suita- 
ble for use in a military torpedo was disclosed by 
American inventor Horace E. Haring in US Patent 
2,988, 587, filed in 1945. A recent example of a wa- 
ter-activated battery system for marine distress sig- 
nals was proposed in 2017 by British inventors Jack 
Otter, Alex Dunbar and Henrik Feuk in UK Patent 
Application GB 2562740 A. Several different materi- 
als have been used for the electrodes in sea water ac- 
tivated batteries. Common examples of anode materi- 
als are magnesium and aluminum; cathode materials 
have included silver(I) chloride and copper(I) chloride. 


BATTERY, FIREWORK — A collection of firework de- 
vices fused in a manner to fire within a short period. 
Examples include a group of mortars (e.g., a multi- 
ple-tube device) or a bundle of Roman candles (i.e., a 
candle battery). A battery composed of seven display 
firework Roman candles is shown below at the right. 
The red tube is hollow and used to hold the candle 
battery in place by slipping it over a metal stake. 
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BATTERY 


The effect produced by a fire- 
work battery is obviously much 
more impressive than that pro- 
duced by a single item, and the 
effect may be described as a 


firework barrage. 


INTERNAL RE- 
SISTANCE — The electrical 
characteristics of an electrical 
battery can be represented by a 
voltage source (V) in series 
with a resistance (R) known as 
the internal resistance. These 
values will change with the age 
of the battery and with the tem- 
perature of operation. The max- 
imum current that a battery can 
deliver can be calculated from 
its voltage divided by the internal resistance (see 
Ohm’s Law). 


Some approximate values of internal resistance for 
small alkaline dry-cell batteries are presented below. 


Approx. Internal 
Battery Type Resistance (Q) 


D-Cell,1.5V | 


In comparison, lead-acid batteries and some other 
types of wet-cell batteries typically have extremely low 
internal resistance and can deliver very high currents. 
Gel-cell batteries have a much lower internal re- 
sistance than a dry-cell, but not as low as a wet-cell. 


Electrical capacitors can store electric charge. Re- 
cently some low-voltage capacitors have become 
available that have exceptionally high levels of ca- 
pacitance. In some applications, the use of an electri- 
cal capacitor (with high capacitance) in parallel with 
the battery can overcome the current limitation of 
dry-cell batteries for a brief period. 


BATTERY MANGANESE — See manganese(IV) oxide. 


BATTLE IN THE CLOUDS SHELL — See aerial shell 


name and description (specific). 


B-BACRO, PYROLANT — See pyrolant (boron-barium 


chromate pyrolant). 


B-BLASTING POWDER — See Black Powder grade 


(blasting grade). 
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B. — The symbol for ballistic coefficient. 


BE — Abbreviation for the US Bureau of Explosives. 
BEAN HOLE CONNECTOR - See igniter-cord connector. 


BEE (fireworks) — A small, self-propelled device pro- 
ducing a trail of sparks, colored flame or both. 


In display fireworks: An insert in an aerial shell that 
may be a small hummer, hummer-like device or other 
self-propelled shell component. The term may also 
describe the effect produced by some aerial shells. 
For example, a shell described as Thousand Bees, in- 
stead of containing small hummers as one might ex- 
pect, may contain many small serpents (but nowhere 
near a thousand of them). The small serpents jet 
about randomly in all direction producing a confusing 
but entertaining display. 


In consumer fireworks: A bee is a small hummer-like, 
spin-stabilized rocket, usually producing a colored 
flame. Typically, these units are approximately 0.5 
inch (13 mm) in diameter and 1-inch (25-mm) long. 
The device not only spins on its own axis, like a 
hummer, but it also flies high into the air. This is ac- 
complished by the exhaust hole in the side of the tube 
being at a compound angle (illustrated below) such 
that it not only produces spin but also propels the de- 
vice into the air. 


———_ Direction of Spin 


Paper Tube (Wall 
Thickness Exaggerated) 


Clay Plug 


(U Exhaust Hole 
(End View) 


— Direction of Motion 


Clay Plug 


Pyrotechnic Composition 


Exhaust Hole 
(Side View) 


The color compositions used in bees are fierce 
enough burning to continue providing thrust to the 
device for its entire flight. These devices may be col- 
or-changing but are usually a solid color, most com- 
monly green, but also occasionally red. 
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Some consumer devices are marketed under the name 
Small Bee and often are sold in boxes containing 24 
individual bees (shown below). 
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Another consumer firework consisting of a series of 
chain fused very short tubes with a single bee in each 
tube is shown below. 


HELICOPTER CAUTION 
NO-K403B FLAMMABLE 


Use only under adult 
supervision. For outdoor 
use only.Place on hard, 
open surface. Light fuse 
and get away, 
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No lift charge is placed beneath the bee; the burning 
composition within the bee’s short tube provides the 
only propulsion for its flight. Although the tube pro- 
vides only momentary guidance for the bee, it usually 
ensures that the trajectory is relatively vertical. De- 
spite the early guidance provided by the tube, these 
items require a substantial separation distance to 
spectators because some bees may have severely an- 
gled trajectories; essentially flying horizontally. 


The original small bee consumer firework may no 
longer be available in the US, possibly because of its 
unpredictable flight. Currently, a very small, winged- 
helicopter device is sold under the name Small Bee 
(shown below). 
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Small bees are also used as inserts in small Roman 
candles, which are quite entertaining and effective, 
but they have somewhat unpredictable flight paths. A 
bee candle, like the multi-tube small bees described 
earlier, has no separate propelling charge to cause the 
exit of the bee. Rather, the individual bees propel them- 
selves from the Roman candle tube after being ignit- 
ed by the internal length of Chinese tissue-paper fuse 
running the length of the candle, as shown below. 
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The internal construction of the bees is shown below. 
Each bee in the candle is side fused with a loop of 
Chinese tissue paper fuse. The bee fuse ignites a col- 
ored-burning propellant composition that causes the 
bee to spin and to be propelled out of the candle tube. 
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The tube helps to guide the early moments of the 
bee’s flight; these devices still can have quite erratic 
trajectories and should be placed a considerable dis- 
tance from spectators. 


The term bee has also been used for an entirely dif- 
ferent kind of device, which consists of short pieces 
of a fuse-like product containing special magnalium- 
tailing color composition instead of a Black Powder. 
As typically used, a number of these short fuse-like 
pieces are dispersed from a small aerial shell or from 
a rocket heading. As they burn, these items squirm 
around in the air in a random fashion. One version is 
flying fish fuse, which is a visco-like spun fuse prod- 
uct. Another version of this effect is produced using a 
twisted-paper fuse that looks like conventional Chi- 
nese tissue-paper fuse. 


BEE SHELL — See aerial shell name and description 
(specific). 


BEESWAX — (Abbreviated BWX) — (Also B-wax) — A 
type of wax that originates from the honeycomb pro- 
duced by bees. It consists primarily of myricyl palmi- 
tate, cerotic acid and esters, plus some high-carbon 
paraffins. Its natural appearance is that of a tan solid 
but is often bleached white. Beeswax occasionally is 
used as a desensitizer in some high explosives. 


BEI™ — An abbreviation for biological exposure in- 
dex. See toxicology regulatory term. 


BELLOWS ACTUATOR and BELLOWS MOTOR — Sce 
actuator, explosive. 


BENGAL — An adjective applied to a range of colored- 
flame (including white flame) compositions and de- 
vices. 


It has been claimed that the name Bengal may have 
been used simply because the essential ingredient in 
the original compositions (1.e., potassium nitrate) was 
commonly imported into Europe from the Bengal re- 
gion of India. Recent research has found that the 
original Bengal fire composition itself is of Indian 
origin. It was encountered by Europeans when it was 
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used by native Indian forces for battlefield illumina- 
tion during their night-time operations against Euro- 
pean forces in the mid-18" century. 


Bengal — An historical term applied to a type of 
hand-held signal flare, usually bluish-white and often 
used at sea. The term may also be used for a signal 
flare of any color. 


Bengal fire — Originally, Bengal fire was a mixture 
of potassium nitrate, sulfur and antimony(III) sulfide 
that burned with a bright flame, appearing slightly blu- 
ish-white (see colored-flame chemistry (white flame)). 
The French pyrotechnist Claude-Fortuné Ruggieri 
(1777-1841) attributed the first use of Bengal fire in 
French firework displays to his father, who also in- 
troduced it into the theater as a stage effect in1787. 
Ruggieri did not claim that his father invented the 
composition, nor did he mention why the composi- 
tion was described as Bengal Fire. Ruggieri’s formu- 
lation was: 


Ingredient Parts by Weight 


Potassium nitrate | 48 


In addition to its use in firework displays and, in the 
theater, it was the earliest example of a tableau fire. 
The original Bengal fire was used for signaling at sea 
with a handheld ‘blue light’ flare (see marine signal), 
in consumer fireworks, for illuminating caves and, 
from the mid-19" century, as a light source for pho- 
tography. The toxic nature of its combustion products 
would have limited its usefulness in confined spaces. 
In 1857 British inventor John Moule was granted a 
patent (BP 478) for a special lantern equipped with a 
chimney to carry away the fumes. Moule’s invention 
was marketed under the trade name Photogen. It has 
been estimated that during the winter of 1860 some 
30,000 portraits were made in London with the aid of 
Photogen. The noxious fumes were presumably dis- 
charged to the outside of the photographic studio. 


When colored-flame compositions, based on potassi- 
um chlorate, were introduced in the early 19" centu- 
ry, they were sometimes described as colored Bengal 
fire. Eventually, the term Bengal fire came to be used 
for all flame compositions, especially those intended 
to be used for illuminating surrounding scenery. The 
older white-flame compositions were then designated 
as plain Bengal fire, and the newer ones included a 
designation of the color produced, as in red Bengal 
fire or green Bengal fire. 
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Bengal fire powder — A generic term for the pyro- 
technic compositions used in Bengal lights and Ben- 
gal fire, when they are supplied in a loose powder 
form for burning in open pans or heaps. A type of 
military signaling composition, used in World War I, 
was specifically described as Bengal fire powder. 


Bengal flame — See Bengal light, below. 


Bengal illumination — The spectacular illumina- 
tion of buildings and scenery with Bengal fire, which 
first became popular in the days before electric light- 
ing. Illuminations using Bengal lights continue to be 
popular, especially in Germany, where they are rou- 
tinely used as a tourist attraction to light up medieval 
castles and other buildings. A recent advertisement 
for a firework tour on the Rhine River stated that 
over 2000 Bengal lights would illuminate the shore. 


Bengal light — (Also Bengal or Bengal flame) — 
White or colored-flame compositions that may be 
burned in thin-walled tubes, burned as loose compo- 
sition in clay or metal pots, or simply burned in piles 
on the ground. The term has been in use from the 
late-18'" century (see Bengal Fire, above). There are 
no strict criteria for using the term Bengal light; it has 
been, and still is, applied to almost any white or col- 
ored flare used for entertainment or signaling, and 
even to Bengal matches. Today, the term typically 
applies to rather large, slow-burning colored flares 
with relatively thin paper casings that burn away with 
the composition. Bengal lights of this type continue 
to be made by some European manufacturers, but 
they have not been commonly manufactured in the 
US, perhaps because inexpensive, long-burning red 
(and other color) fusees are readily available. 


Examples of Bengal light compositions (1 to 3) that 
burn with a white flame are presented below. 


Formulation — | Parts by Weight 
Ingredient 1 


| 24 


a) Or arsenic(III) sulfide. 


1 and 3) Davis, 1943. 2) Kentish, 1905. 


After potassium chlorate became commonly used in 
pyrotechny in the 1830s, Bengal lights were made with 
chlorate-based colored-flame compositions. Some 
modern formulations based on potassium perchlorate 
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rather than potassium chlorate are presented below 
(Lancaster, 1998). Formulations 4 through 7 are for 
red, yellow, green and blue, respectively. 


Formulation >| Parts by Weight 
alent | (4) | 


a) The chlorinated hydrocarbon was not otherwise speci- 
fied. For example, see chlorinated rubber. 


Some Bengal lights used in Europe are quite large 
(up to 300 mm, 12 inches, in length) and are designed 
to burn in a horizontal position to prevent the dross 
produced during burning from disrupting the flame. 
The flare is usually positioned behind a barrier so that 
it illuminates the surroundings, but the bright flame 
does not dazzle or distract the observers. The best 
Bengal light compositions burn relatively slowly, 40 
to 60 seconds per | inch (25 mm), with excellent col- 
or and a minimum of smoke. 


Bengal match — (Also colored match or fancy match) 
— A type of friction match with considerably more 
composition than an ordinary safety match (about one 
third to one half the splint length) and producing a 
colored flame or some other firework effect. The 
matches are tipped with safety match composition, so 
they can be ignited by striking on a matchbox. They 
are used as miniature hand-held fireworks. 


Bengal matches were popular in Germany at the end 
of the 19" century and since then have been manufac- 
tured in many countries, notably in India where their 
manufacture was carried out as a cottage industry. 
They were also very popular in Great Britain and 
Switzerland. Also, known as colored matches or fan- 
cy matches, they have been made to produce a range 
of firework effects. A simple red or green flame is the 
most common, but other colors have also been pro- 
duced as well as more elaborate effects such as spar- 
kler, crackle, silver rain and chrysanthemum. Further, 
Bengal matches have been made in a variety of 
lengths and provide a wide range of burn times. The 
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matches shown below have a burn time of approxi- 
mately 3 seconds. 


BRONCO BRAND 


The green-burning Bengal matches shown above 
were made by Octavius Hunt Ltd of Bristol, England. 
The Bronco brand was registered in 1924 and was 
used with minor variations for over 60 years. 


The Bengal matches shown below were made in Ja- 
pan and were on sale in Australia in the early 1960s 
under the name ‘Cherry Brand’. The match heads 
were colored to indicate the color of the flame that 
they would produce when struck. 


In addition to their use as fireworks, Bengal matches 
have sometimes been used as windproof matches. 
More commonly, specifically designed matches, 
which burn without a firework effect, are used for 
this application. It has been claimed that modified 
Bengal matches, considerably larger than the com- 
mon Bengal match and having much more pyrotech- 
nic composition, were invented in 1934 by an Indian 
army captain to more reliably light Molotov cocktails 
(i.e., glass bottles or jars filled with gasoline or other 
flammable liquid and used as an improvised incendiary 
weapon). 


Bengal matches are usually classified as matches ra- 
ther than fireworks and, in some jurisdictions, they 
must be stored separately from fireworks. 
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Bengal sparkler — A wire-cored, 


steel sparkler coated with a layer of oe a 
colored-flame composition extend- | rat 
ing some distance along the length 2 a 
of the conventional sparkler compo- | seats 


sition, example shown at the right. 


The colored-flame composition fa- 
cilitates ignition of the sparkler and 
the initial flare of colored flame adds 
some variety to the performance. 


Bengal stick — (Also Bengal Torch- 
es or Bengal Coloured Safeties) — A 
consumer firework resembling a 
long Bengal match but not tipped 
with safety-match composition for 
ignition. A label for a pack of Ben- 
gal sticks is shown below. A Bengal 
stick typically consists of a slender wooden stick, or 
sometimes a metal wire, coated with colored-fire 
composition. 


Od. Par Packet, 


— ee 


Bengal sticks may also be thin paper tubes filled with 
colored-fire composition. 


Bengal torch — A hand-held firework or flare made 
with colored or plain Bengal fire. Alternatively, any 
small firework resembling a large Bengal match that 
is not tipped with match composition. 


BENGOLA — See marine signal (blue light). 


BENITE — An extrudable propellant igniter composi- 
tion consisting of approximately 40% nitrocellulose 
(with added stabilizer) and 60% Black Powder. 


BENTONITE — {CAS 1302-78-9} — A colloidal clay, 
mostly composed of montmorillonite (a clay mineral 
of somewhat varying composition, commonly sum- 
marized as: 


(Na,Ca)o.33(Al,Mg)2(SigO 10) (OH)2 *nH2O 


The sodium and calcium indicated in the formula can 
undergo ion exchange, so forms of bentonite can be 
made having predominantly sodium or predominantly 
calcium, or a mixture of both. Other cations (e.g., po- 
tassium) can also replace sodium and calcium in the 
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clay. The sodium form of bentonite swells extensively 
in water, while the calcium form of bentonite swells 
negligibly. The commonly available bentonite is a 
light cream-colored, impalpable powder that forms a 
colloidal suspension in water with strong thixotropic 
properties. 


In fireworks and rocketry: Bentonite clay, either alone 
or mixed with other clays, can be used to form quite 
hard and durable end plugs and nozzles in Black 
Powder rockets, gerbs, fountains, drivers and other 
pyrotechnic devices. 


2, 3-BENZANTHRACENE — See napthacene. 
BENZANTHRENONE - See benzantrone. 


BENZANTHRONE — [Ci7Hi0O] — {CAS 82-05-3} — 
(Also 7H-benz[de]Janthracen-7-one, 1,9-benz-10- 
anthrone, benzanthrenone, ms-benzanthrone, naph- 


thanthrone, 7-oxobenz[de]anthracene or mesobenzan- 
throne) 


Benzanthrone is an anthraquinone smoke dye used to 
produce yellow smoke. It is a yellow powder. 


Structural 
formula: 
(see benzene ring) 


a) Code for reference source, see preface. 
Health information: TLV: none established. 


UN hazard classification: not regulated. 
BENZENE-CARBOXYLIC ACID — See benzoic acid. 
BENZENE-FORMIC ACID — See benzoic acid. 


BENZENE HEXACHLORIDE — See _ hexachloro- 


cylcohexane. 
BENZENE RING — A planar ring of six carbon atoms 


with alternating single and double bonds (see struc- 
ture 1 below). More accurately, molecular orbital 
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theory pictures a molecular orbital containing six de- 
localized a electrons. consisting of a pair of donut- 
shaped regions, one above and one below the plane 
of the ring. This delocalized collection of 2 electrons 
is commonly described as a hybrid bond structure 
and is the reason for using an inner, dashed circle to 
indicate the bonds between the carbon atoms (see 1 
and 2 below) rather than a series of alternating single 
and double bonds (3). It is also common practice to 
draw the ring as a hexagon without including the 
symbols for the six carbon atoms (2, 3 and 4). As fur- 
ther shorthand, often even the presence of the hydro- 
gen atoms is only implied and not expressly included 
(2, 3 and 4), and the dashed circle (2) may even be 
omitted (4) but this is to be discouraged as a plain 


hexagon could more correctly indicate a molecule of 


cyclohexane (C¢Hi2), a completely different com- 
pound: 


Many chemicals incorporating benzene rings are im- 
portant in pyrotechnic and explosive compounds. For 
example, benzoates, salicylates and TNT all contain 
benzene-ring structures, as illustrated below: 


benzoate trinitrotoluene 


ion 


BENZOATE ION — [CsH¢COO ] — The anion of benzoic 
acid with the structure: 


Some benzoates (most commonly sodium and potas- 
sium benzoate) are useful as the fuel in compositions 
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used for pyrotechnic whistles. Benzoates of stronti- 
um, calcium, barium and copper are useful as flame 
color-agents that also perform as fuels. 


BENZOATE OF SODA — See sodium benzoate. 


BENZOIC ACID — [C7H602] — {CAS 65-85-0} — (Also 
benzene-carboxylic acid, benzene-formic acid, car- 
boxy-benzene, dracylic acid or phenyl-formic acid, 
and naturally as the main component of benzoin resin) 


Benzoic acid is rarely used as a pyrotechnic fuel, but 
it can be used to make a range of metal benzoates that 
are useful in pyrotechnics. For example, sodium ben- 
zoate and potassium benzoate are used in whistle 
compositions; strontium, barium and copper benzo- 
ates are flame color-agents that also perform as fuels. 
It is whitish as scales or needle crystals, with a faint 
pleasant odor of benzoin resin or benzaldehyde. 


Structural_ formula: 
(see benzene ring) 


a) Code for reference source, see preface. 


Health information: Benzoic acid is relatively non- 
hazardous in routine industrial situations. It is not ex- 
pected to present significant health risks to the work- 
ers who use it. 


UN hazard classification: not regulated. 


BENZOIC ACID PEROXIDE or BENZOPEROXIDE — 
See benzoyl peroxide. 


BENZOYL PEROXIDE — [C4H190,4] — {CAS 94-36-0} 
— (Also dibenzoyl peroxide, benzoic acid peroxide or 
benzoperoxide) 


Benzoyl peroxide is an organic peroxide that decom- 
poses explosively when heated above 105 °C. It is 
used in some special effects. It is colorless as crystals 
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and white as powder, and it has a faint pleasant odor 
similar to that of benzaldehyde. 


Structural 
formula: (see 
benzene ring) 


(e) = decomposes explosively above 105 °C. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 5 mg/m; IARC-3: 
unclassifiable as to carcinogenicity. 


UN hazard classification: PSN: organic peroxide type 
c, solid (benzoyl peroxide, 75%); HC: 5.2 — organic 
peroxide (UN3104). 


In special effects: Benzoyl peroxide is used to pro- 
duce miniature explosions. Its explosive effect scales 
well in the simulation of explosions for motion pic- 
tures using high frame-rate photography of its explo- 
sive destruction of small models. The powder is used 
dry, but great care must be taken as its ignition tem- 
perature is extremely low (80 °C). 


If benzoyl peroxide is ignited within in a rigid case, it 
will explode violently. When a small quantity of ben- 
zoyl peroxide is touched with a hot wire or is dis- 
persed onto a hot surface, it usually does not ignite 
but volatizes producing copious amounts of white 
smoke. This effect has been used when a puff of 
white smoke is desired when filming models and an 
accompanying flash of light is not desired. 


If dry benzoyl peroxide is to be stored, it is important 
to keep it cold (in a freezer or in a cooler with dry 
ice) and in a soft paper or antistatic plastic bag. 


BERAQ and BERAQ PRONT — See Maltese firework 
term. 


BERDAN PRIMER - See primer, small-arms. 


BERM — A mound of dirt that may constitute a barri- 
cade for regulatory purposes. 
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BERNOULLI EFFECT — The observation that moving 


fluid has lower transverse pressure than the still air 
around it. This effect is named for Daniel Bernoulli 
(1700-1782), a Swiss physicist and mathematician 
who studied pressures in moving fluid streams. The 
air motion may be the result of wind or it can be (and 
more commonly is) principally the result of the mo- 
tion of an object (e.g., airplane, rocket or aerial shell) 
through comparatively still air. Consider the two cases 
illustrated farther below. 


a> «| 


Atmospheric P,=P=P 
Pressure = P 


Moving Air 


Pressure = P 


In the first case (A) with still air relative to the object 
on the right, the two pressure sensors in the object 
will record the same pressure, both (P1 and P2) equal 
to atmospheric pressure (P). In the second case (B) 
with the air moving to the right (or the object moving 
to the left), the Bernoulli pressure sensor on the side 
of the object (P2) will record a pressure less than at- 
mospheric (P). The pressure sensor on the end of the 
object will record a pressure (P1) described as stagna- 
tion pressure that is greater than atmospheric. 


The Bernoulli effect can be used to explain how air- 
plane wings generate lift, how under some conditions 
a model rocket may fail to lift-off properly (see Ber- 
noulli lock), how the Magnus force contributes to a 
tumbling aerial shell drifting off course, and how a 
spolette may fail to ignite the contents of an aerial shell. 


BERNOULLI LOCK — The creation of a low-pressure 
area at the base of a rocket, which may have the po- 
tential to prevent liftoff. The factors acting to in- 
crease this effect are: a large diameter rocket of low 
power, and a base very close to the flame deflector 
that extends past the base of the rocket in all direc- 
tions. This is named for Daniel Bernoulli (1700- 
1782), a Swiss physicist and mathematician who 
studied pressures in moving fluid streams. (See 
Krushnic effect.) 


BERNOULLI’S EQUATION — An equation, published 
in 1738 by Daniel Bernoulli in his work “Hydrody- 
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namica” that quantifies the Bernoulli effect. The 
equation can be derived by equating the various po- 
tential and kinetic energies in non-compressible flu- 
ids. Since energy must be conserved in any closed 
system, the sum of those energies must be constant. 
Bernoulli’s equation is typically written as: 


Papght py = constant 


Here, P is pressure, ¢ is density, g is the acceleration 
due to gravity, 4 is the height of the fluid from a ref- 
erence point, and v is the velocity of the fluid. 


Even though air is a compressible fluid, it can be 
considered to be nearly incompressible, when fluid 
velocities are substantially below the speed of sound. 
Thus, Bernoulli’s equation is commonly used to de- 
scribe the aerodynamics of objects moving through 
air (e.g., rockets and aerial shells). 


BERYLLIUM — [Be] — {CAS 7440-41-7} — (Also glu- 
cinium) 

Beryllium would be an excellent, although expensive, 
pyrotechnic fuel because it is similar in many re- 
spects to aluminum and magnesium; unfortunately, it 
is extremely toxic. It is a metallic chemical element, 
atomic number 4. In compact form, it is a steel-gray, 
very lightweight metal and grey as a powder. 


Beryllium oxide, which is inevitably produced when 
beryllium burns, if inhaled, produces serious lung 
diseases, including cancer; IARC-1: carcinogen. 


Beryllium has been tested as a component of high- 
performance rocket fuel. Like aluminum, it can pro- 
duce a glitter effect, and it would presumably be an 
effective spark-producing agent in fireworks, but no 
such applications are possible because of its extreme 
toxicity. Even the US military abandoned its tests of 
beryllium in rocket fuel by 1970, largely in response 
to concerns about meeting air quality requirements. 


BEZOLD-BRUCKE EFFECT — A human sensory effect 
in which the perceived dominant wavelength of a light 
source changes with changing light intensity. As the in- 
tensity of a light source increases, the perceived spec- 
tral color shifts more towards blue (if the wavelength 
is below 500 nm) or yellow (if above 500 nm). At 
lower light source intensities, the red/green axis dom- 
inates. (See color measurement and luminous intensity.) 


B/G -— An abbreviation for boost glider. 


BHC — Abbreviation for benzene hexachloride. See 
hexachloro-cyclohexane. 
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BI- — A Latin prefix meaning two, twice or double. In 


chemical naming, the prefix is sometimes used like 
the prefix di- or bis-. Also, it is still used in the com- 
mon names of some chemicals to indicate an acid salt 
such as sodium bicarbonate [NaHCOs], which is cor- 
rectly named sodium hydrogen carbonate. Today, the 
only conventional usage of the prefix is to indicate 
organic chemicals made up of two identical halves 
(e.g., biphenyl [CeHs]). 


BIAS WEIGHT - See paper basis weight. 
BICARBONATE ION — See /ydrogen carbonate ion. 


BICHEL GAUGE — An instrument used to collect the 


gaseous products from detonating explosives. Basical- 
ly, it consists of the breech-end of a cannon that can 
be sealed air-tight. A 100-g sample of explosive, in- 
cluding the wrapper, is detonated at the center of the 
chamber. The gases are then withdrawn for analysis. 


BICKFORD FUSE — An internally-burning pyrotechnic 


fuse with a core of Black Powder enclosed within a 
substantial wrap of material. Typically, the wrap is 
composed of twisted threads, paper and at least one 
layer of waterproofing material (often asphalt based) 
as illustrated below in cross section. 


Wax Coating 


Powder Core 
Asphalt Layer 
Fiber Wrap 


Inner Thread Bundle 
Powder Core Thread 
Outer Thread Wrap 


The fuse is specified to burn at a certain rate, depend- 
ing on the details of its construction; a typical burn 
rate 1s approximately 0.3 inch (8 mm) per second. 


This type of fuse originally consisted of Black Pow- 
der lightly wrapped in jute and coated with gutta per- 
cha for water resistance. In later times, it was water- 
proofed with a coat of asphalt and covered with a 
second wrap of a textile or plastic. Although Bickford 
fuse was originally manufactured for use in mining, 
the terms Bickford fuse or Bickford-style fuse may 
be used to describe any internally-burning spun fuse. 
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Bickford-style fuse can be difficult to ignite because, 
when exposed to heat or flame, the asphalt coating 
tends to melt and cover the powder core before its ig- 
nition can be achieved. Because of this characteristic, 
a variety of methods have been developed to ignite 
Bickford fuse reliably, depending on the specific ap- 
plication. (See Bickford fuse ignition method.) 


Bickford fuse is described as an internally-burning fuse 
(see fuse type). Nonetheless, as it burns, there are 
subtle visible external signs of its burning, including 
discoloring or melting of its outer coating; the fire 
front precedes the region of visible evidence by as 
much as an inch (25 mm) or more. Also, occasionally 
some side venting occurs with longer lengths of burn- 
ing Bickford fuse. When side venting occurs, it is of- 
ten not readily visible, especially when viewed in day- 
light. This venting is adequate to ignite some pyro- 
technic compositions, which may cause safety prob- 
lems if it is not anticipated and appropriate precau- 
tions taken. 


When Bickford fuse is exposed to excessive heat dur- 
ing storage, especially if the exposure is prolonged, 
the resins in the waterproofing layer can migrate into 
the powder core, making the fuse unreliable. Particu- 
larly old samples of fuse are sometimes found to have 
dead spaces, where the powder core has been ren- 
dered quite fire-resistant by such migrated resins. 


Safety note: In covered (i.e., enclosed) fuses, but es- 
pecially in internally-burning fuses, the fire front may 
significantly precede the point along the fuse exhibit- 
ing any externally visible evidence of its burning. 


In blasting: A collection of Bickford-style blasting 
safety fuse is shown below. 


The three on the left are plastic-covered; the one on 
the right is both thread-wrapped and wax-coated. In 
contrast with firework time fuse, blasting safety fuse 
has an outer cover or coating that will provide a wa- 
ter-resistant coupling to a fuse detonator. (See crimp- 
ing tool and plain detonator.) Blasting safety fuse al- 
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so commonly has a thicker layer of asphalt water- 
proofing and a thinner Black Powder core. 


In_ fireworks: In contrast with blasting safety fuse, 
firework time fuse has an outer cover or coating to 
which glue will readily bind to facilitate achieving a 
secure, gas-tight seal to an aerial shell casing. This 
fuse also tends to have a thinner asphalt layer and a 
thicker Black Powder core. The construction of fire- 
work time fuse is illustrated below. 


Powder Core Thread 
Paper Wrap 
Asphalt Layer 


Inner Thread Bundle 
Powder Core 


Outer Thread Wrap 


A photomicrograph of a piece of firework time fuse 
viewed in transverse cross section is shown below. 


Asphalt Layer 


Outer Thread 
Wrap 


Paper Wraps 


Powder Core 
Thread 


Inner Thread 
Core Bundle 


A collection of Bickford-style firework time fuse is 
shown below. Fuse 1, with the crossing threads is of 
French origin and is thinly coated with a paint-like 
substance. Fuses 2 to 4 have a widely-spaced thread 
wrap over an outer layer of compressed paper. (Fuses 
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2 and 3 are from China, and fuse 4 is of Japanese 
origin.) Fuse 4 from Japan has gained an especially 
high popularity for use in aerial shells worldwide be- 
cause of its high reliability and ease of use. Fuse 5 
was manufactured in the US; it is gauze covered and 
has an especially large Black Powder core. 


Ten en ee ed, ee A es ee 


FP 
ger 


LAPLA TEL ISAT: 
+ + 
oe Ae a 


we 


imi 
| 


ee 


SS SG 
+ + + + ; + 7 + 


L 


Cf, 
eS OE i es BP se 


| 


@ RS + Pa 
Historical: Bickford fuse is named after English mer- 
chant William Bickford (1774-1834) who invented 
this type of fuse in or around 1830 (British Patent 6159 
issued September 6, 1831). He manufactured it com- 
mercially at Tuckingmill, Camborne, in the county of 
Cormwall, Great Britain from 1831. After his death 
his son John Solomon Bickford (1804-1870) founded 
a company, Bickford, Smith and Davey, to continue 
the manufacture of this fuse. The Camborne factory 
eventually became part of the explosives division of 
Imperial Chemical Industries (ICI). It remained in op- 
eration until 1961, when manufacture of the fuse was 
moved to Ardeer in Scotland. 


In 1836 Bickford, Smith and Davey established oper- 
ations in the USA, (Bacon, Bickford, Eales and 
Company of East Weatogue, Connecticut) in associa- 
tion with local entrepreneur and farmer Richard Ba- 
con (1775-1867). Three years later, Joseph Toy 
(1808-1887), a bookkeeper at the British factory and 
a Methodist lay preacher, was sent to Connecticut to 
improve the American operations. In 1851 the factory 
was destroyed by fire (for the second time) and was 
rebuilt on the west side of the Farmington River in 
Simsbury, Connecticut. At this time, the partnership 
with Bacon was dissolved and the company became 
Toy, Bickford & Co. In 1870 Toy’s son-in-law, 
Ralph Hart Ensign (1834-1917), became a partner in 
the firm, which was eventually re-named Ensign, 
Bickford & Co. Then, in 1907, it became The Ensign 
Bickford Company. During the mid-20" century, in 
addition to other products, several fuse types used by 
the US firework industry were manufactured. The 
company has since evolved into a conglomerate and 
operates to this day with interests ranging from aero- 
space technology to real estate. 
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BICKFORD FUSE IGNITION METHOD — Bickford- 


style fuse (e.g., blasting safety fuse and firework time 
fuse) can be difficult to ignite because, when heated 
or exposed to flame, its asphalt layer tends to melt 
and cover its Black Powder core before ignition can 
be achieved. Furthermore, if the fuse is not handled 
carefully after being cut, some fuse powder may fall 
out of the cut end of the fuse, making the powder 
core slightly recessed and thus more difficult to ig- 
nite. Several methods have been adopted to overcome 
these problems. 


Blasting safety fuse: Ignition of blasting safety fuse 
with an ordinary match (e.g., a safety match or a 
strike-anywhere match) is unreliable. A fusee match 
or a windproof match, providing a more prolonged 
pyrotechnic flame from its large match head, is more 
effective. Preferably, the end of the fuse is first split 
to expose the powder core, and the elongated head of 
the match is placed in the split in direct contact with 
the fuse powder. The match is then ignited by strik- 
ing the match head with the side of the matchbox or 
by using a second match, ignited normally. This 
method has also been used to light fuse with ordinary 
matches but is unreliable and fuse manufacturers do 
not recommend it. 


A British patent (577,459) used a 
pin, the head of which was coated 
with match composition, inserted 
into the freshly-cut end of the fuse 
(illustrated in cross section at the 
right, from the patent). In the il- 
lustration, 1 is the pin, 2 is the pin 
head, 3 is a pyrotechnic composi- 
tion that is ignitable by friction, 4 
is the fuse and 5 are the powder 
grains of the fuse core. To ignite 
the fuse, the pyrotechnic composi- 
tion (3) was ignited by friction by 
holding the end of the fuse stationary and striking it 
with the side of a matchbox, i.e., moving the match- 
box across the fuse, rather than moving the fuse 
along the side of the matchbox as would be done 
when striking a conventional match. 


The fierce and persistent flame of a portfire will ig- 
nite blasting safety fuse reliably, provided that the 
end of the fuse has been recently and cleanly cut to 
expose the powder core. For many years portfires 
specially made for this purpose were used in vast 
numbers in mining and quarrying (see cheesa stick). 


A rather simple and effective ignition method is to 
punch a hole through the blasting safety fuse near the 
end to be ignited, and through which igniter cord (an 
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easily-ignited, fiercely-burning fuse) is threaded, as 
shown below. The ignition of one or several blasting 
safety fuses is then reliably achieved by simply ignit- 
ing the igniter cord. 


A more expedient and more water-resistant version of 
this method uses igniter cord connectors. One style of 
these uses a thin-walled, small-diameter metal tube 
with preformed holes (shown below). These little 
connectors can be crimped onto the end of the fuse(s) 
to be ignited. These connectors have been described 
as ‘bean-hole connectors’, referring to the shape of 
the hole near the closed end of the connector. The ig- 
niter cord connector contains a small amount of pyro- 
technic composition that when ignited sprays the cut 
fuse end with a jet of fire to ignite it reliably. 


Seren 


For more details of the four devices shown below, 
used to ignite blasting safety fuse reliably, see fuse 
igniter, blasting safety. 


Whena single Bickford-style fuse needs to be ignited, 
especially under adverse conditions, one can use a 
military-style percussion fuse igniter (shown below). 
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A somewhat similar appearing, but less sophisticated, 
igniter is a pull-wire fuse igniter of the type shown 
below. 
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In the early-20" century, blasters often used a device 
described as a hot wire lighter (shown below) that 
was much like a firework wire-cored sparkler. 


Photo credit: David Johnson (www. miningartifacts.org) 


Throughout much of the 20" century blasters often 
used a device described as a lead-spitter fuse lighter 
(shown below) that contained a spool of a special 
lead-enclosed fuse. This fuse was easily ignited, slow 
burning and produced an intense jet of flame accom- 
panied by hot droplets of molten lead. 


rh 3 


Photo credit: Ensign Bickford, 1915. 


Firework time fuse: Bickford-style fuse can be diffi- 
cult to ignite reliably from the brief flash of fire from 
a lift charge or other source, in part because the pow- 
der core is relatively small. Cutting the fuse at an an- 
gle or slitting it open can expose more powder that 
can facilitate ignition, at least initially, before the 
loosened powder falls off. Thus, some added measure 
needs to be taken to provide the level of reliability 
required. Probably the simplest prime application 
technique is simply to coat the end of the time fuse 
with a prime composition, and possibly the area 
around the fuse as well. Again, the fuse may be cut at 
an angle or slit open to expose more of its powder 
core to the prime coating as shown below for aerial 
shell fusing. 
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In this example, a cap-sensitive high explosive is pro- 
duced by the mixing of nitromethane (a liquid, in this 
case with a red dye added) with finely ground ammo- 
nium nitrate (a white powder). Mixing is done at the 
blast site immediately before use; thus, avoiding the 
necessity of transporting and storing high explosives. 


The most commonly used commercial explosive is 
also a binary mixture, which is ANFO (ammonium 
nitrate/fuel oil). 


Reliable ignition of firework time fuse is often BINARY FLASH COMPOSITION — See flash powder 


achieved by inserting a thin piece of black match type and binary pyrotechnic composition. 
through a small hole punched through the fuse. This 
technique (i.e., cross matching) is shown below. BINARY MATERIAL — See binary pyrotechnic compo- 


sition and binary pyrotechnic system. 


BINARY MIXTURE — A composition that consists of only 
two components. In addition to binary pyrotechnic 
compositions, there are also many binary explosives. 


BINARY PYROTECHNIC COMPOSITION — (Also A-B 
composition) — A pyrotechnic composition mixed on- 
site, shortly before use, thus avoiding the problems of 
transportation and storage of pyrotechnic or explo- 
sive materials. Normally, two premeasured, non- 
explosive components are supplied, such that when 
they are mixed together, they become a pyrotechnic 
composition. A typical binary composition is shipped 
in two separate containers: one containing the oxidiz- 
er(s) and the other containing the fuel(s). Additives, 
such as flame color-agents, may be present in either 
or both containers. Examples are shown below. 
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As an alternative method of cross matching, the time 
fuse may be slit open, the black match laid in the 
opening and the time fuse closed again using a wrap 
of string. 


BIFUEL ROCKET ENGINE — See rocket engine (bipro- 
pellant rocket engine). 


BIG-BANG CANNON™ — See carbide cannon. tf —— seep 


et 


BIKINI GAUGE — See blast gauge, air. 


BINARY EXPLOSIVE — An explosive produced by mix- 
ing two components that are not individually consid- 
ered explosive. A binary explosive example is shown 


below. ; : 
The two containers each contain pre-measured and 


milled chemicals. All that remains to compound a py- 
rotechnic composition is to mix the contents of the 
i Hy two bottles. The full contents of each container 
( should be used, with contents of the small container 
being poured into the larger one. It is important never 
to vary from the manufacturer’s mixing instructions. 


Theatrical flash powders are commonly supplied as a 
binary pyrotechnic composition. One container has a 
finely-milled oxidizer, usually potassium perchlorate, 
potassium nitrate or strontium nitrate, often contain- 
ing a flow agent such as colloidal silica and/or an an- 
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ticaking agent appropriate for the oxidizer. The other 
container has a small particle-size metal fuel, often 
200 mesh (or finer) magnesium powder (and may al- 
so contain some fine-flake aluminum). Sometimes 
flitter aluminum or sponge titanium may be added to 
produce sparks when the flash powder is bummed. 
Sponge titanium, as a spark-producing material has a 
higher ballistic coefficient than flake aluminum and 
will be projected further from the center of the effect. 
The range of the sparks can be controlled rather pre- 
cisely by carefully controlling the particle size of 
spark materials, as well as the type, amount and con- 
finement of the pyrotechnic composition being used. 


If kept well-sealed, a binary pyrotechnic composition 
will keep for many years without deterioration. Bottles 
having special gaskets fitted into their lids are best 
used to store binary components and the mixed com- 
positions. Since strontium nitrate, which is somewhat 
hygroscopic, is often used, sealing against the influx 
of atmospheric moisture is especially important. 


According to NFPA-1126, “Standard for the Use of 
Pyrotechnics before a Proximate Audience”, the 
packager of the binary components is considered to be 
the manufacturer; that is, the person actually mixing 
the two components onsite is not considered to be the 
manufacturer. Irrespective of this, the US Bureau of 
Alcohol, Tobacco, Firearms and Explosives deems the 
person who actually mixes the two components to- 
gether onsite to be the manufacturer of an explosive 
and requires that person to have the appropriate license. 


BINARY PYROTECHNIC SYSTEM -— (Also binary sys- 
tem) — The combination of a binary pyrotechnic 
composition and the specific type of special effect 
appliance in which the composition is designed to be 
used. Two examples are shown below. 


On the left is a puff pot with theatrical flash powder; 
on the right is a concussion mortar with concussion 
powder. 
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The use of a binary pyrotechnic system to produce a 
proximate audience effect has the advantage of al- 
lowing a suitably skilled pyrotechnician to adjust the 
various effects being produced to meet the needs of 
the specific venue and production. This ability is 
demonstrated in the set of images shown below. In 
this case, a puff pot has been loaded with varying 
amounts of theatrical flash powder (approximately 2, 
4 and 8 grams, from left to right, respectively). 


Photo Credit: Tom DeWille 


The disadvantage of using a binary pyrotechnic sys- 
tem is that a relatively high level of skill is required 
of the pyrotechnician. In part, this is because a mis- 
calculation that results in using too much composi- 
tion could result in injury to performers, crew or au- 
dience; whereas a miscalculation on the low side can 
produce a less than desired effect for the needs of the 
performance. In addition, a license is commonly re- 
quired to mix and use binary pyrotechnic composi- 
tions; there are the hazards associated with mixing 
and loading the pyrotechnic powders; and there is the 
potential of having to deal with left-over explosive 
compositions. 


The alternative to using a binary pyrotechnic system 
is to use a pyrotechnic special effect preload. In a 
preload, the specific pyrotechnic composition has 
been mixed and preloaded by the manufacturer into a 
complete unit, no further assembly or alteration is re- 
quired for use in a production. In some cases, it is 
necessary for the pyrotechnician to install an electric 
match into the preload being used. The effect, its size 
and its duration will usually be stated on the device. 
Although preloads have their advantages, the desired 
effect and the required size may not always available. 


BINARY SYSTEM -— See binary pyrotechnic system. 


BINDER — A component of a pyrotechnic or explosive 


composition that has the primary purpose of holding 
the composition together as a solid mass. Most bind- 
ers also serve at least minimally as fuels. 
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In_ fireworks: The specific characteristics of a good 
binder depend on the nature of the composition and 
how it will be used. Any binder should: 


e Have strong cohesive (i.e., sticking) power. This al- 
lows the composition to be effectively bound with 
only a minimal quantity of binder, so that the binder 
does not significantly affect the desired performance 
of the composition. 


e Provide the composition with a high degree of water 
(or other solvent) resistance once it has been bound 
(i.e., dried). Thus, if the dried composition encoun- 
ters water or another wet composition (e.g., as in the 
case of the manufacture of round stars), the water 
does not adversely affect the composition. 


e Produce a composition that is structurally strong up- 
on drying. For a star, this strength prevents it from 
fracturing during the explosion of the aerial shell or 
the firing from a Roman candle. 


e Not significantly interfere with the drying of mois- 
tened compositions. Some otherwise useful binders 
tend to form a skin while drying that greatly retards 
or prevents the remaining solvent from evaporating. 


e Not shrink sufficiently to introduce cracks (i.e., fire 
paths) in the composition as it dries. 


e Be soluble in water (or another convenient solvent) 
even at relatively low temperatures. 


e Allow a composition to be kneaded and formed into a 
desired shape or to be cut with a knife to form stars. 


e Be approximately neutral in pH in an aqueous solu- 
tion, so as not to cause a reaction with other chemi- 


cals in the composition. 


e Not significantly interfere with the ignition or burn- 
ing of a composition. 


e Not induce degeneration or other undesirable chemical 
reactions during prolonged storage. 


e Not be hygroscopic. 


e Not interfere with the flame color produced upon the 
burning of a composition. 


Solvated binders: For many binders, cohesive action 
is induced by adding an appropriate solvent to the 
bulk pyrotechnic composition, which is then mixed, 
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compacted and dried. Some binders used in pyrotech- 
nic compositions and their solvent are presented below. 


Plastic-flow binder: Some binders achieve their bind- 
ing action as a result of their ability to flow plastical- 
ly under high pressure compaction. These binders 
tend to be soft and malleable, and they ooze between 
and around the individual particles of a composition 
when under high pressure. Some plastic-flow binders 
used in pyrotechnics include: asphaltum, Gilsonite, 
sulfur and Viton™. 


Chemical cure binder: Some binders achieve their 
binding action as the result of undergoing a chemical 
reaction. Most notably such binders include various 
resins such as: polyurethane, polyester and epoxy. 


BINDER’S BOARD — See chipboard. 
BINGO DEVICE — See magic device. 


BIODEGRADABLE AERIAL SHELL CASING, MOLDED 
— See shell casing, aerial. 


BIOLOGICAL EXPOSURE INDEX — (Abbreviated 
BEI™) — See toxicology regulatory term. 


BIPROPELLANT — A rocket propellant consisting of 
two unmixed or uncombined chemicals (1.e., fuel and 
oxidizer) that are mixed within the combustion 
chamber. Very often these are liquid propellants 
stored in separate tanks. 


BIPROPELLANT ROCKET ENGINE — See rocket engine. 


BIRD SCARE CANNON - A type of pest and predator 
control device, specifically, a gas (typically propane)- 
fueled device that performs on demand to produce 
the loud sound of an explosion for the purpose of 
frightening animal pests from areas such as fruit or- 
chards and airport runways. This type of device can 
be a cost-effective and potentially safer alternative to 
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small, fused exploding devices. One example of a 
bird scare cannon is shown below. 


es a 


In the photograph, A is the propane line with a regu- 
lator and tank fitting, B is the 12-volt power cord 
with battery clips, C is the unit controller, and D is 
the acoustic barrel of the cannon. 


In proximate audience pyrotechnics: Bird scare can- 
nons are occasionally used to produce a concussion 


effect as a theatrical special effect. 


BIRD SCARE DEVICE — See pest and predator control 
device. 


BIRTHDAY CAKE (fireworks) — See multiple-tube de- 
vice, 


BIRTHDAY CAKE CANDLE and BIRTHDAY CANDLE — 
See candle, birthday cake. 


BIS- — A Latin prefix meaning twice or double. The 
prefix is used before complex radicals or expressions 
attached to a third atom or radical. 


BIS(ETHYLHEXYL) ADIPATE — See ethylhexyl adipate. 


BIS(ETHYLHEXYL) PHTHALATE — See ethylhexyl 
phthalate. 


BISMUTH HYDROXIDE NITRATE OXIDE or BISMUTH 
NITRATE BASIC — See bismuth subnitrate. 


BISMUTH-LEAD-TIN-CADMIUM ALLOY — See Wood ’s 
metal. 


BISMUTHOUS OXIDE — See bismuth oxide. 


BISMUTH OXIDE — [Bi2O3] — {CAS 1304-76-3} — (Al- 
so bismuth trioxide, bismuth yellow, bismuthous ox- 
ide or dibismuth trioxide; the mineral bismite) 


Bismuth oxide is capable of functioning as an oxidiz- 
er in Goldschmidt reactions with an active metal. It is 
used in producing some crackling-microstar effects. 
It is pale yellow as crystals or powder. 
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Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV: none established. 


UN hazard classification: not regulated. 
BISMUTH OXYNITRATE — See bismuth subnitrate. 


BISMUTH SUBNITRATE — [BisO(OH)o(NO3)4] — {CAS 
1304-85-4} — (Also bismuth hydroxide nitrate oxide, 
bismuth nitrate basic, bismuth oxynitrate, bismuthyl 
nitrate or bismuth white) 


Bismuth subnitrate is an oxidizer used to produce 
some crackling-microstar effects; it is preferred to 
formulations that include lead compounds, as these 
are much more toxic than bismuth compounds. It has 
also been proposed as an ingredient in specialized 
compositions for day-night signals. Bismuth sub- 
nitrate is made by the reaction of bismuth nitrate with 
hot water, and its composition varies somewhat ac- 
cording to its method of preparation. The commercial 
material can contain 70 to 74% bismuth (79 to 82% 
bismuth oxide). The preparation, according to the 
French pharmacopeia, is approximately 
(BiO)NO3-H20. Bismuth subnitrate is colorless as 
crystals and white as a powder. 


(d) = decomposes without melting, with loss of water and 
nitric acid. On further heating, to just below red heat, it 
decomposes to bismuth oxide [BizOs] and nitrogen ox- 
ides. 


a) Code for reference source, see preface. 


Health information: TLV not established. 


UN hazard classification: not regulated. 


BISMUTH TRIOXIDE and BISMUTH YELLOW — Sce 
bismuth oxide. 


BISMUTH WHITE and BISMUTHYL NITRATE — See 
bismuth subnitrate. 
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BITUMEN — See asphaltum. 


B-KNO3 PYROLANT — An abbreviation for boron- 
potassium nitrate pyrolant. (See pyrolant). 


BLACK ANTIMONY or BLACK ANTIMONY SULFIDE — 
A poorly defined term for antimony(IID sulfide. 


BLACK BODY - (Also blackbody) — A hypothetical ob- 
ject (i.e., body) that is a perfect absorber and emitter 
of electromagnetic radiation. Since the absorptivity of 
a black body has the value 1, then according to 
Kirchhoff’s law (see radiation law), its emissivity al- 
so has the value of 1. 


A very good approximation of a black body in the 
visible and infrared region is a small hole leading into 
a deep cavity in any relatively large object. In the vis- 
ible region, a good approximation of a black body is 
an object with a black matte surface such as on char- 
coal or lampblack particles. 


The spectrum of the emitted radiation from a black 
body and the total energy radiated are both well- 
defined functions of its temperature. Stefan- 
Boltzmann’s law (see radiation law) describes the to- 
tal radiated energy as a function of temperature. 
Planck’s law (see radiation law) describes the spec- 
tral distribution (i.e., intensity as a function of wave- 
length) of the emitted radiation as a function of tem- 
perature. The combined result of these two laws is 
presented in the set of curves in the graph below 
(Miller, 1991). 
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The visible light portion of the emissions of black 
bodies combines to produce the various perceived col- 


Encyclopedic Dictionary of Pyrotechnics 


ors on the chromaticity diagram below (Shimizu, 1976). 

(See color measurement (chromaticity diagram).) 
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The red curve traces the range of colors emitted by an 
incandescing black body as a function of tempera- 
ture. This ranges from red at lower temperatures 
through orange and on into white at high temperatures. 


gray body — A gray body differs from a black body 
only in having an emissivity that is less than 1. The 
emissivity is independent of wavelength; according- 
ly, the perceived color of a gray body will be the 
same as that of a black body at the same temperature, 
but it will be somewhat less bright, depending on 
how much its emissivity is less than 1. 


spectral body — A spectral body differs from a 
black body in that its emissivity is not only less than 
1, but it is also dependent on wavelength. Thus, the 
perceived color of a spectral body will not be the 
same as that of a black body at the same temperature 
(and it will appear somewhat less bright as well). 


As a practical matter, all objects (e.g., lamp filaments 
and firework sparks) are spectral bodies, but some 
closely approach being gray or black bodies. The yel- 
low appearance of iron sparks and the yellow-white 
appearance of aluminum and titanium sparks are the 
result of their being spectral bodies. This can be seen 
from the chromaticity diagram (above); neither of 
these colors is possible for a black or grey body (i.e., 
the red curve). 


Anexample of the color difference between black and 
spectral bodies is presented on the chromaticity dia- 
gram above, by the green curve, which passes through 
yellow on its way to white. This curve is thought to 
approximate the corresponding range of colors for 
aluminum spark particles at various temperatures, but 
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the situation is complicated by the contribution of 
molecular emissions (such as from aluminum monox- 
ide) and possibly also by candoluminescence. 


A series of images of the filament of an incandescent 
lamp that documents its color and intensity (as cap- 
tured by a relatively high-quality video camera) as the 
applied electric current is increased, shown below. 
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(The filament temperatures listed are only estimates.) 
Note that the colors range more nearly into yellow 
than would be expected for true black body emis- 
sions. The emissivity of a tungsten lamp filament, as 
a function of wavelength at two temperatures, is pre- 
sented below. 
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As can be seen, the variation in emissivity with 
wavelength and temperature is quite small for a tung- 
sten filament, but it may be more extreme for very 
small particles. If the dimensions of a particle are 
somewhat smaller than the wavelength of light, then 
the particle will scatter light, rather than absorb it. 
This is sometimes referred to as Mie scattering, after 
the German physicist Gustav Adolf Feodor Wilhelm 
Ludwig Mie (1869-1957), who discussed the effect 
in 1908. The intensity of the scattered light is propor- 
tional to (1/A)* where A is the wavelength. As indicat- 
ed by Kirchhoff’s law, the particle, being a poor ab- 
sorber at that wavelength, will also emit poorly at 
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that wavelength. This effect enhances the relative in- 
tensity of shorter-wavelength light, compared to the 
expected black body emission. It is exhibited by the 
carbon particles in candle flames, where the particles 
are so small that emission at the longer wavelengths 
of visible light is suppressed. As a result, the color 
temperature of a candle flame is some 100 °C hotter 
than the actual temperature. The same effect is ex- 
pected to occur in pyrotechnic flames that contain 
small particles of incandescent solids or liquids, mak- 
ing them appear somewhat whiter than would be ex- 
pected from black or grey body emission at the tem- 
perature of the flame. 


BLACK BODY EMISSION and BLACK BODY RADIA- 
TION — See black body. 


BLACK BODY SPECTRUM -— See emission spectrum 
(continuous spectrum). 


BLACK BOY - See grass tree. 

BLACK CONE - See humdinger salute. 

BLACK COPPER OXIDE — See copper(II) oxide. 
BLACK-EYED SNAP PEAS™ — See torpedo, firework. 


BLACK-HEAD ALUMINUM — See aluminum, German 
dark. 


BLACK IRON OXIDE - See iron(// III) oxide. 
BLACK LEAD - See graphite. 


BLACK MATCH -— (Also bare match, naked match, raw 
match or match) — A type of fuse commonly used for 
conveying fire to a firework device. It typically con- 
sists of cotton string or cord impregnated and coated 
with a slurry of Black Powder (usually with an aque- 
ous binder) as illustrated below. 


Powder Coating al 


Cotton Strings 


Encyclopedic Dictionary of Pyrotechnics 


Black match is manufac- 
tured in a variety of diame- 
ters from rather fine string to 
multiple strings and heavy 
cotton cord, both thinner and 
thicker than the upper two 
examples shown at the right. 


Probably the most common 
use for black match is in mak- 
ing quick match by wrap- 
ping it with paper to form a 
thin, loose-fitting tube (.e., 
match pipe) as shown right, 
lowermost. Another common use of black match (es- 
pecially thinner versions) is as cross match, which is 
used to help ensure the ignition of firework time fuse. 


Exposed black match, which is not covered with a 
coating of paper, has a burn rate of approximately | 
inch (25 mm) per second. This contrasts with quick 
match, which typically burns at a rate of 10 to 30 feet 
(3 to 10 m) per second. 


The stiffness of black match is determined by the 
amount of slurry material coating the cordage and the 
type and amount of binder used. Traditionally, dex- 
trin or rice starch was used as the binder; more re- 
cently, black match is made with a type of binding 
system that includes a plasticizer, which makes the 
black match significantly more flexible than conven- 
tional black match. Black match is normally sold in 
relatively short lengths — a few feet (1 m) or less; 
whereas quick match is typically sold in 60- to 100- 
foot (20- to 30-m) bundles or rolls. 


Dusted match: During manufacture, black match is 
sometimes sprinkled with fine meal powder. This 
type of black match burns more fiercely and some- 
what faster than non-dusted black match. When dust- 
ed black match is made into quick match (sometimes 
described as dusted match), it typically burns sub- 
stantially faster than non-dusted black match. 


Flat_match: During manufacture, black match is 
sometimes pressed into a flattened bundle of strands 
0.25 inch (6 mm) or more in width and approximate- 
ly 0.06 inch (1.6 mm) thick (for more information, 
see quick match). When flattened black match is used 
to make quick match, it may also be described as flat 
match, an example is shown below. 
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Flat match is typically supplied in tightly wound coils. 


Effect of moisture exposure: A brief study (Kosanke, 
1998) was undertaken to quantify the effect of pro- 
longed exposure to air with a range of relative humid- 
ities that might reasonably be expected to be encoun- 
tered. In the study, the samples of black match were 
taken from aerial shell leaders. Partial results for 
black match samples dating to approximately 1992 
are presented below. All match samples had been 
conditioned for an extended time at 35% relative hu- 
midity before beginning the test. This data may be 
useful for anticipating moisture-related problems un- 
der conditions of high humidity. 


Humidity > [64% | 72% |78% | 86% | 90% 
Manufacturer Percent Weight Gain @ 


a) The reported values are the increases in weight ex- 
pressed as percentages. 


Historical terminology: There is some confusion in the 
naming of various ignition materials because of chang- 
es in terminology over many years. A chart comparing 
the names currently applied to these ignition products 
to the historical names is presented below. 


| Current Name | Historical Name 


a) Current fuse rope is similar in burning characteristics to 
the slow match used in antique (e.g., matchlock) weap- 
ons, but it is manufactured differently. 


It seems likely that the early terminology for these 
ignition products stemmed logically from the histori- 
cal use of the term match (i.e., anything used to con- 
vey fire from one place to another) and the very early 
(and common) use of a slowly smoldering cord (i.e., 
slow match) for the ignition of Black Powder in small 
arms (e.g., matchlock weapons) and in cannon. Com- 
pared to this very slow burning (i.e., smoldering) 
cord, the production of Black Powder-covered cord- 
age produced burning that was indeed quick in com- 
parison to slow match and would logically have been 
described as quick match by comparison. The reason 
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for the change to the modern use of these terms is left 
to speculation. 


BLACK POWDER — (Abbreviated BP) — (Also blasting 
powder or gunpowder) — An especially intimate mix- 
ture of finely ground potassium nitrate (75%), char- 
coal (15%) and sulfur (10%). Minor variations in 
these percentages exist for powders used for different 
applications and in various countries. It has been not- 
ed that Black Powder performs more like a chemical 
compound than a simple mixture. This is the result of 
the elaborate processing during Black Powder manu- 
facturing. Nonetheless, Black powder is a low explo- 
sive that is only capable of deflagrating powerfully 
when sufficiently confined; it is not capable of deto- 
nation, even when highly confined. 


Black Powder frequently serves as a propellant but 
has a wide variety of other uses (See Black Powder 
use.). Another type of Black Powder, described as B- 
blasting powder, uses sodium nitrate as the oxidizer 
in place of potassium nitrate. This type of Black 
Powder is slower burning, is somewhat hygroscopic 
and has use in some specialized mining and quarry- 
ing operations. 


Black Powder should not be confused with any num- 
ber of powders that happen to range from dark gray 
to black in color, or with smokeless powder (com- 
monly described, especially in the US, as gun pow- 
der), which is a nitrocellulose-based composition and 
is not a suitable substitute for Black Powder in almost 
all instances. 


Granulations: Commercial Black Powder may be 
granular or finely powdered. Examples of a few of 
the many granulations of Black Powder are shown 
below (at approximately full scale). 


Grade Appearance 
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For more complete information on the many current 
and historical granulations, see Black Powder grade. 


Black Powder stability and sensitiveness: Under rea- 
sonable conditions, Black Powder has proven to be 


extremely stable, neither degrading in its perfor- 
mance nor changing its composition. A sample of 
Black Powder harvested from a 140-year-old buried 
cannonball had not detectibly deteriorated over that 
time. More recently, a sample of powder that had 
been walled off in the attic of a castle in the UK for 
more than 350 years was found to be in good condi- 
tion and performed well in tests. 


The reported sensitiveness of Black Powder to vari- 
ous stimuli depends on the details of the many test 
protocols used in different laboratories and countries. 
Nonetheless, all report a high level of sensitiveness of 
Black Powder to ignition from thermal sparks. This 
makes it excellent as a prime composition but can al- 
so lead to accidents. On the other hand, Black Powder 
is only moderately sensitive to ambient temperature 
and is relatively insensitive to mechanical stimuli (e.g., 
impact and friction) and electrostatic discharges (ESD). 


Despite Black Powder’s moderately low sensitive- 
ness, there continue to be occasional catastrophic ac- 
cidents involving its manufacture and use. In part, 
this may be due to a widespread belief that it is com- 
paratively safe to work with, which results in a corre- 
sponding relaxing of the necessary safety protocols. 


Rough Black Powder: (Also rough powder, green 
powder, green mix or handmade Black Powder) — A 
hand-mixed version of Black Powder. Because of the 
limited intimacy of the mixed chemical components, 
rough powder lacks the rapid burning characteristics of 
commercially-manufactured Black Powder. Rough 
powder is used in a wide variety of firework manu- 
facturing processes, including the manufacture of 
fountains, rockets, stars, primes and aerial shell break 
charge. 


Rough Black Powder may also be referred to as green 
powder. In part, this description may be the result of 
the rough powder appearing slightly yellowish-green 
due to the presence of its poorly incorporated sulfur. 
Another possibility is simply that it is in an early 
stage of processing, somewhat analogous to green, as 
opposed to ripe, fruit. 


When granulated (typically with the aid of a binder), 
rough Black Powder may be referred to as polverone 
and used as a break charge in Italian-style, cylindrical 
aerial display shells. 
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Historical: The history of Black Powder and its pre- 
cursors extend back approximately 1500 years (see 
Black Powder early history). 


BLACK POWDER BOMB (special effect) — (Also lifter) — 
A term loosely applied to almost any charge of Black 
Powder encased in some manner; that almost univer- 
sally includes an electric match for its ignition in 
preparation for use in a special effect appliance. 


The amount of Black Powder used varies widely, de- 
pending on the specific need. The packaging may be 
as little as a plastic bag but often consists of a small 
paper canister (described as a drug container or can). 
A series of various size canisters are shown below. 


ai dN 


As shown, these range in size from 3 x 4 inches (75 x 
100 mm) down to 1.5 x 1 inch (38 x 25 mm), with the 
sizes chosen to properly accommodate Black Powder 
charges ranging from 1 pound (450 g) down to 1 
ounce (28 g). 


The filled canister is wrapped with one or more lay- 
ers of friction tape (i.e., a type of cloth-based electri- 
cal tape) depending on the effect to be produced. If 
wrapped with one overlapping layer of tape, it may 
be described as having a soft wrap and/or be de- 
scribed as a soft bomb; if wrapped with two or more 
overlapping layers of tape, it may be described as 
having a hard wrap and/or be described as a hard 
bomb. Examples of wrapping tape on a Black Powder 
bomb are shown farther below. 


If the Black Powder bomb is likely to be exposed to 
moisture, it may be waterproofed by the application 
of a coating of lacquer. 


Black Powder bombs are used in a great variety of 
special effects including gas mines, simulated explo- 
sions (e.g., on television and movie sets). Black 
Powder bombs are also used as the power source in 
devices such as sand mortars, cannon roll mortars 
and kickers. 
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BLACK POWDER COMBUSTION PRODUCT — Any of 
the reaction products from the burning of modern 
Black Powder. They are gaseous (43.0%) and solid 
(55.9%), plus a small amount of water (1.1%). Under 
confined conditions the products of Black Powder 
combustion are as presented below (Davis, 1943). 


Gaseous Products | Percent by Volume 
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a) Hydrogen sulfide [H2S] {CAS 7783-06-4}. 


Solid Products Percent by Weight 


a) Potassium thiocyanate [KSCN] {CAS 333-20-0}. 
b) The original reference gives this as ammonium sesqui- 
carbonate [(NH4)4H2(COs)s]. 


In the presence of air, several of these products will 
further react with the oxygen in the air. 


These results summarize those originally published in 
the 1870s by Scottish physicist Andrew Noble 
(1831-1915) and English chemist Frederick Abel 
(1827-1902). Subsequently, German chemist Hein- 
rich Debus (1824-1915) analyzed these results, along 
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with those of earlier investigators, and augmented 
them with his own experiments and demonstrated 
that the burning of Black Powder in closed vessels 
(as in the experiments of Noble and Abel) can be 
summarized by the equation: 


16 KNO3 + 21C + 5S ® 5 K.CO;3 + K2SO,4 + 
2 KoS2 + 13 CO2 + 3 CO + 8N2 


The major difference from Noble and Able is that 
K.S2 1s formed, rather than K2S. This conclusion was 
supported in 1989 by German chemist and explosives 
expert Fred Volk (1930-2005). 


Debus also demonstrated that the average composi- 
tion of the British military Black Powder produced 
by the Waltham Abbey mill (nominally 75% KNOs, 
15% charcoal and 10% S) could be represented by: 


16 KNO3 + 21.18 C + 6.638 


This composition contains a little more carbon and 
considerably more sulfur than indicated by Debus’ 
equation, and the charcoal contains hydrogen and ox- 
ygen as well as carbon. Furthermore, commercial 
Black Powder typically contains water. The average 
moisture content of the powder tested, by Noble and 
Able, and used to generate the data quoted by Davis 
was 1.058%. Consequently, the combustion products 
of Black Powder include, in addition to those implied 
by Debus’ equation, materials derived from the excess 
sulfur and the hydrogen from charcoal and from water. 
These combustion products are predominantly hy- 
drogen sulfide and elemental hydrogen. Volk pointed 
out that the hydrogen sulfide can react with potassium 
carbonate, depending on the conditions of burning: 


K,CO; + H.aS > KS + HO + CO, 
AH =+ 62.8 kJ 


2 KxCO3 + 2HS > 
KoS + K»SO4 + CHyg + COr 
AH =+ 7.1 kJ 


These reactions are mildly endothermic, so the extent 
to which they proceed makes little difference to the 
heat generated but can cause a change in the products 
of combustion. 


Debus proposed that the excess carbon and sulfur in 
Black Powder contributed to its performance, draw- 
ing attention to two reactions: 


4 K2SO4 + 7C DP 2 K2CO3 + 2 K2S2 + SCO2 


AH = +576 kJ 
4 K.CO3 + 7S > K.SO4 + 3 KoS2 + 4CO2 
AH = +234 kJ 
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These reactions are both endothermic, and they gen- 
erate large volumes of gas. Debus believed that the 
performance of the powder was optimum when both 
the heat generated, and the volume of gas generated 
were maximized. He calculated that the composition 
that met this criterion, while at the same time con- 
taining the smallest quantity of carbon and sulfur 
compatible with it, was: 


16 KNO3 + 22C + 8S 


This is like his empirically-derived composition 
equation: 


16 KNO3 + 21.18 C + 6.638 


It is remarkable that even under the conditions of ex- 
treme confinement used in these experiments, a small 
percentage of potassium nitrate remained. This 
demonstrates that thermodynamic equilibrium was 
not attained, which in turn is explicable by the great 
speed of the reaction and the quenching effects of the 
cool walls of the container. 


Debus proposed that the first stage of the combustion 
of Black Powder, which he described as the explo- 
sion proper, was represented by: 


16KNO3; + 13C+5S 3 
3 KxCO3 + 5 K2SO4 + 9 CO2 + CO + 8N2 


Debus demonstrated that this equation corresponds 
closely to the composition of the very fast-burning 
sporting powders in use at that time. He proposed 
that with the slower-burning, conventional (i.e., mili- 
tary) powders, the initial reaction is followed by the 
two endothermic reactions that generate KS). The 
process may not reach equilibrium if the powder is 
burned under only loose confinement. 


Recent studies on the combustion of Black Powder 
have focused on the pre-ignition reactions and have 
little to contribute to our knowledge of the final com- 
bustion products. 


In 1984 American researchers Eli Freedman and 
Ronald A. Sassé published results of thermochemical 
modeling of Black Powder combustion, but they did 
not provide the chemical composition of the prod- 
ucts. Their calculated values for the heat of explosion 
(2287 + 127 MJ/kg) were systematically lower than 
the measured values (2806 + 69 MJ/kg) for the 10 
samples studied. In contrast, the value calculated by 
Debus over a century earlier (2761 MJ/kg) for the 
heat of explosion is in almost perfect agreement with 
the modern measurements. 
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BLACK POWDER EARLY HISTORY -— This entry pre- 
sents some of the early history of Black powder and 
does so in three ways. One approach is to examine 
some of the basic chronology of its development and 
use. Another approach is to consider in more detail 
the process through which Black Powder was devel- 
oped. Still another approach is to present information 
about some the people involved in the development 
of Black Powder. 


Black Powder chronology — A chronological 
summary of some of the early history of the devel- 
opment and use of Black powder and its early precur- 
sors (Bebie, 1943 and as noted in the text that follows 
the table) is presented below. 


Year 


The vigorous burning of potassium ni- 
trate and hot charcoal is documented. 


A warning of the dangers of early pre- 
cursors to Black Powder is published. 


The first formulation for Black Powder 
is published in China. 


An account of Black Powder used to 
make firecrackers is published. 


ca. | Knowledge of Black Powder reaches 
1200 | India, the Middle East and Europe. 


Black Powder formulation is presented 


: ona [by Roger Bacon. 
4346 Black Powder (gunpowder) is used in 
_uuaj.th€ battle of Crécy in France. | 
First record of processing Black 
1425 aieeri 
= |. Powder by granulating it 
4435 The first powder-stamp mill in 
\uuu.jNUrnberg, Germany is established. 
The classification of powder grains by 
1525 maa : 
a | mesh size is reported in France. 
4540 Large-grain Black Powder is adopted 


for use in cannons. 


The first blasting with Black Powder 
1696 | used in constructing the Albula Road in 
Switzerland. 


Production of powder begun in Dela- 
ware by du Pont de Nemours Co. 


A method for making potassium nitrate 
from Chile saltpeter is introduced. 


The earliest history of precursors to modern Black 
Powder follow the Chinese discovery and use of po- 
tassium nitrate, which was described as hsiao shi 
(solve stone), possibly because of its use as a flux in 
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early metallurgy. As long ago as 492, Chinese writers 
recognized potassium nitrate by the purple color it 
imparted to a flame and by its property of burning 
vigorously with hot charcoal. 


A text of Taoist alchemy dating to around 850 cites a 
warning against heating mixtures of saltpeter (potas- 
sium nitrate), sulfur, realgar (arsenic(II) sulfide) and 
honey. Reportedly, some who had done so had 
burned their hands and faces, and even burned down 
the structures in which they were working, thus 
bringing themselves and Taoism into disrepute. 


Knowledge of such vigorously-burning mixtures 
eventually led to the deliberate compounding of pyro- 
technic compositions. A Chinese mural, dated from 
about 950, illustrates the use of fire lances, which 
were bamboo tubes filled with powder that were used 
somewhat as an early version of a flame thrower in 
battle. These fire lances not only projected flame but 
were also capable to expelling bits of metal, sand, 
and a type of poison dart. Thus, they were early pre- 
cursors to cannons, which didn’t come into common 
use for another 200 to 300 years. 


A Chinese text dated from 1044 is the earliest known 
written formulation for Black Powder, and it describes 
bombs thrown from catapults. The first description of 
Black Powder-based firecrackers was in a book pub- 
lished in 1148, but it was describing events that oc- 
curred at some unknown time between 1103 and 1120. 


From China, the knowledge of Black Powder spread 
to the west and south, to India and the Muslim world, 
and eventually reached Europe in the 13" century. 
Over the centuries, since its introduction into Europe 
and until relatively recently, there has been a gradual 
improvement in the manufacturing of Black Powder 
and an expansion of its uses. 


Black Powder origins — It is commonly asserted 
that the ancient Chinese invented ‘gunpowder’. From 
a literal standpoint, this statement is largely untrue. 
The pyrotechnic mixture of potassium nitrate, char- 
coal and sulfur used by the ancient Chinese was not 
initially used in guns and didn’t find such use until 
the 14" century. The earlier mixtures were relatively 
slow burning compared to modern Black Powder 
and, although they could be used with some success 
in rockets, firecrackers and other fireworks, they 
would not have functioned well in a handgun or small 
diameter cannon. Thus, the earliest Black Powder 
mixtures were a pyrotechnic composition, but not 
gunpowder in a literal sense. 


It is sometimes claimed that early Chinese alchemists 
invented gunpowder, but this too is misleading. The 
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pyrotechnic mixture consisting of potassium nitrate, 
charcoal and sulfur was not invented in a scientific 
sense; it would be more accurate to say that it was 
discovered. The earliest discoveries were probably 
made multiple times in many different places. This 
was possibly initially the result of the use of potassi- 
um nitrate (as a table salt substitute) when cooking 
food around an open fire. Brock (1949) writes: “One 
of the many benefits bestowed on mankind by fire is 
the art of cookery, to which salt is an important ad- 
junct. To this circumstance, it seems likely; the art of 
pyrotechny owes its inception”. 


Potassium nitrate occurs occasionally in natural de- 
posits as the mineral niter and has a mildly salty taste. 
Naturally occurring niter is common in some regions 
of China. It is easy to imagine observations around an 
open fire as potassium nitrate was dropped onto 
cooking food, and when some of it fell into the hot 
coals, it caused a sudden flare-up of fire. Then it 
would be a logical step to mix the nitrate salt with 
cold charcoal, to facilitate fire making. Adding sul- 
fur, another flammable solid well known at the time, 
to the mix would have been a plausible development, 
leading to the discovery of a primitive Black Powder. 


The optimal proportions of the ingredients were not 
arrived at for centuries and many of the earliest rec- 
ords of formulations contained around 60% potassi- 
um nitrate instead of the more effective 75%. (For 
early formulations, see Black Powder manufacturing). 


The early Black Powder was a loose powder manu- 
factured without moistening and was described as 
serpentine powder. It derived its name from the long, 
slender-barreled cannons of the day described as ser- 
pentines, in which the powder was used. 


It must surely have been observed that powder, once 
mixed, could be rendered unignitable by becoming 
thoroughly wet. Once wetted, some of the potassium 
nitrate will dissolve into solution. Even if it is then 
thoroughly dried, the intimacy of the mixture may be 
significantly compromised and its performance di- 
minished, unless the mixture is reprocessed. Thus, 
moistening powder during the manufacturing process 
would probably have seemed foolish in the extreme. 
It took many years for Black Powder makers to adopt 
the process of moistening the powder during milling, 
a process that is now known to be necessary for mak- 
ing high-grade Black Powder. 


An interesting and important intermediate form of 
Black Powder became common in Germany in the 
12" and 13" centuries. The German powder makers 
began to compress slightly moistened serpentine 
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powder into small easily handled cakes they de- 
scribed as ‘knollen’ (German for dumpling). These 
powder cakes had several advantages in the field. The 
powder was not subject to leaking out of containers 
as was the case for the fine serpentine powder, they 
were less hygroscopic because of being compacted 
and having a reduced surface area, and they were eas- 
ier to measure when loading a cannon. 


Serpentine powder had the disadvantage that the den- 
sity and distribution of its placement of a cannon 
could be quite variable depending on how the powder 
was prepared and loaded. This uncertainty tended to 
make the ballistics of serpentine cannons unpredicta- 
ble, and thus much more of an art than a science. In 
contrast, knollen powder was easily crumbled just be- 
fore use, and it was found that such crumbled (i.e., 
grained) powder performed better than the fine serpen- 
tine powder. This may well have been the very earli- 
est version of granulated Black Powder. By the end of 
the 15" century, serpentine powder had been replaced 
with damp-milled and then granulated powder. 


Powder hygroscopicity was a major problem for us- 
ers in the early middle ages. Often the potassium ni- 
trate of the day had calcium nitrate as a contaminant. 
Even if the salt was carefully and entirely dry at the 
time of mixing, calcium nitrate would subsequently 
pick up moisture from damp air. Depending on the 
extent of the contamination, the Black Powder could 
potentially be rendered useless. This problem plagued 
powder makers until purification of potassium nitrate 
by recrystallization was introduced. 


Black Powder: some persons of note — There is 
much information about the independent discovery 
and introduction of Black Powder in various coun- 
tries. While some of this seems to be based on relia- 
ble sources, much is at best highly questionable. 


Marcus Graecus: A name frequently mentioned in 
the early history of Black Powder. It has been deter- 
mined that Marcus Graecus most probably was not a 
single individual but rather a group of editors who 
collectively produced a book that existed in edit 
mode for about 200 years. The book was titled “Book 
of Fires for Burning Enemies”. Between 1280 and 
1300, text containing a formulation for Black Powder 
was added to the book. This included 69% potassium 
nitrate, close to what we understand today as the op- 
timal percentage. 


Some sources claim that this book was first published 
in the 9" century. Although early versions of the book 
appear to have that antiquity, there is no evidence 
that these older versions contained references to 
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Black Powder. Thus, dating Black Powder in Europe 
to the 7" century, based on this reference, is clearly in 
error, although it is easy to find assertions to the con- 
trary in older literature and some popular writings) 


A detailed analysis of the writing in that book has 
convinced scholars that it had Arabic roots and may 
have been written by people who either were Arabic 
or lived where the Arabic language was commonly 
spoken. 


Hasan al Rammah: Of some historical significance 
are the writings of a Syrian named Hasan al Ram- 
mah. In 1270 his book “The Book of Military 
Horsemanship and Ingenious War Devices” describes 
a variety of uses of Black Powder type devices that 
he claimed originated with his father and grandfather. 


Hasan al Rammah presented formulations for a large 
variety of different Black Powders and gave detailed 
instructions on the purification of potassium nitrate. 
He described rockets, fire lances and fireworks. His 
understanding was clearly more advanced than any 
Europeans of that time. Historians are now quite clear 
that Europeans came to their understanding of Black 
Powder via the Arabs, whose culture at the time was 
considerably more sophisticated than that of Europe. 


Roger Bacon: In the 13" century, a Roman Catholic 
cleric, Roger Bacon (d. 1292), became famous for 
writing about Black Powder. Although it has been 
variously claimed that Bacon discovered Black Pow- 
der, writings describing Black powder existed well 
before Bacon. It is true that he knew about Black 
Powder and described firecrackers. In 1267 he sub- 
mitted a three-volume work to Pope Clement IV in 
which he summarized all knowledge of the natural 
world. He also understood that this new material (i.e., 
Black Powder) had enormous potential for destruc- 
tion if sufficiently confined. 


It has been claimed that Bacon intentionally recorded 
the formulation for Black Powder obscurely in an an- 
agram that remained untranslated for centuries. In 
fact, there is considerable debate about this anagram, 
and it is open to a variety of interpretations. It is not 
even certain that the letter in which it occurs was 
written by Bacon. In any case, it is clear that Bacon 
was not the inventor of Black Powder, although his 
writings represent the first time a European wrote on 
the subject. 


Marco Polo: A common claim is that Marco Polo in- 
troduced Black Powder to Europe, bringing 
knowledge of it from China in 1295. This claim has 
been repeatedly examined, and there is no evidence 
that Polo had even observed fireworks or functioning 
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Black Powder, let alone carried knowledge of it back 
to Europe. Polo did describe bamboo pieces, which, 
when put into a fire, generated a loud steam explo- 
sion. These items were not based on Black Powder, 
although it has been so interpreted by some. 


Berthold Schwartz: It has frequently been claimed 
that Black Powder was discovered by a German 
monk named Berthold Schwartz (or Black Berthold) 
in the 14" century, but historical research has con- 
cluded that, Black Powder was in existence hundreds 
of years before. Historians now regard Berthold 
Schwartz as a legendary character, like Friar Tuck or 
Sir Galahad. In 1853 the German city of Freiberg 
erected a statue of a figure attired as a monk, in honor 
of Berthold Schwartz, inventor of Black Powder and 
firearms. Despite this official endorsement, there is 
no evidence from Church records or other historical 
documents that such a person as Berthold Schwartz 
ever existed. 


BLACK POWDER GRADE — Black Powder is classi- 
fied differently depending on its intended use (e.g., 
blasting, military or sporting). 


meal powder — (Also mealed powder or meal) — A 
finely granulated, unglazed Black Powder. Meal 
powder is traditionally available in three granulations 
as presented below, with the screen mesh size indi- 
cating the size upon which no more than 3% is re- 
tained. 


In fireworks: Meal powder is used as an important in- 
gredient in many force and spark compositions, pyro- 
technic primes, star compositions, fuse powders and 
other compositions. In some older literature, it may 
be referred to simply as meal. 


blasting grade Black Powder — Black Powder is 
classified primarily by the size of the individual par- 
ticles. Small grained powders burn faster. Coarse 
grains are used when a heaving or more sustained 
pushing is required. In quarrying, it is often desirable 
to break-up rock but leave large pieces such as in the 
mining of marble, slate or, historically, coal. 


Blasting powder granulations and the mesh number 
of the sieves that define those granulations are pre- 
sented below. In each case, not more than 3% is re- 
tained on the coarser screen; not more than 12% 
passes the finer screen. (See pellet powder.) 


Page 133 


Mesh Range 


There are two basic types of blasting powder: A- 
blasting powder, which is made using potassium ni- 
trate as the oxidizer, and B-blasting powder, which is 
made with sodium nitrate in place of potassium ni- 
trate. The two types of powder are typically designat- 
ed by including the letter A or B along with the spe- 
cific granulation (e.g., 2FA or 2FB.) 


To be effective in blasting, Black Powder needs to be 
rather strongly confined. B-blasting powder is more 
hygroscopic than A-blasting powder. Few if any cur- 
rent uses have been found for B-blasting powder in 
fireworks, special effects or amateur rocketry appli- 
cations. 


In fireworks: A-blasting powder is used as the lift 
charge for aerial shells. With cylindrical shells, espe- 
cially for larger shells, it is common to use 2FA blast- 
ing powder. With small cylindrical shells and spheri- 
cal shells, it is common to use 4FA powder. 


modern military grade Black Powder- In the 
US, military Black Powder has the following specifi- 
cations. For some grades, there are minor deviations 
from the general information presented below. 


Composition: Each to within plus or minus 1%: po- 
tassium nitrate, 74.0%; charcoal, 15.6%; and sulfur 
10.4%. 


Ash content: Not to exceed 0.80%. 


Density: Grain density 1.72 to 1.80 g/cm? for glazed 
powder and 1.69 to 1.76 g/cm? for unglazed powder; 
bulk density, 1.03 to 1.10 g/cm’. 


Moisture content: Not to exceed 0.70%. 


Granulations: The requirements for the various clas- 
ses of powders are presented below. The requirement 
is that not more than 3% is retained on the coarser 
screen, and not more than 5% passes the finer screen. 
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Mesh Range 


historical military grade Black Powder-— In the 
mid-19" century in the US, military Black Powder 
had the following specifications. 


Composition: Each to within plus or minus 1%: po- 
tassium nitrate, 75% (76% in some references); char- 
coal, 15% (or 14% in some references); and sulfur 10%. 


Density: Grain density not less than 1.75 g/cm’. 


Granulations: The requirements for the various clas- 
ses of powders are presented below. The sieves used 
in grading the powders were brass sheets with round 
holes. (See serpentine powder.) 


sporting grade Black Powder — Black Powder 
with granulations most suitable for use in antique and 
modern weapons. These granulation designations in- 
clude a ‘g’, indicating to some that the powder has 
been glazed and to others that the powder is grained 
and suitable for use in small arms. Glazing allows the 
powder to flow more evenly when dispensing it into a 
powder flask, powder measure or into the barrel of a 
gun. Sporting powder granulations and the screen 
mesh ranges that define those granulations are pre- 
sented below. In each case, not more than 3% is re- 
tained on the coarser screen, and not more than 12% 
passes the finer screen. 


Mesh Range 
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BLACK POWDER MANUFACTURING — A detailed de- 
scription of modern and historic manufacturing of 
Black Powder is beyond the scope of this text. What 
follows is an overview of this vast subject. 


Fundamentals: To make Black Powder that performs 
as an efficient propellant, it is necessary to produce a 
mixture of potassium nitrate, charcoal and sulfur in 
such a way that the three ingredients are extremely 
intimately mixed. This means that the individual par- 
ticles of the ingredients are in especially close physi- 
cal contact with each other — much more so than can 
be achieved by a simple sieving or dry mixing. 


Charcoal has microscopic pores that are capable of 
adsorbing gases and absorbing substances in solution. 
This is the reason that charcoal is often used as an ab- 
sorbing or filtering media. It has not been scientifical- 
ly determined to what extent the porosity of charcoal 
allows potassium nitrate in solution and sulfur parti- 
cles to enter the pores of charcoal, but it is believed 
that potassium nitrate and sulfur are not only in con- 
tact with the outside of each charcoal particle but 
likely also have some degree of contact with surfaces 
inside the charcoal particle. 


The speed of chemical reactions is very often a func- 
tion of the surface area available for the reactions to 
take place. In this instance, the outside of each char- 
coal particle is in contact with the oxidizer, but also, 
if there are tiny oxidizer particles and sulfur inside 
the charcoal pores, it would make the mixture espe- 
cially intimate. Scanning electron micrographs of the 
surface of fractured grains of commercially manufac- 
tured Black Powder have not revealed any particles 
of charcoal with pores containing microscopic crys- 
tals of potassium nitrate. The micrographs seem to 
indicate that a plastic flow of ingredients has oc- 
curred, and it is not possible to identify the individual 
components. More research is needed to fully under- 
stand the detailed physiochemical nature of Black 
Powder. 


The intimacy of the Black Powder ingredients is 
achieved by first dry milling the charcoal and sulfur, 
typically in a ball, stamp or hammer mill. In this pro- 
cess, not only is there a substantial reduction of their 
particle size, but also some sulfur dioxide is produced 
and adsorbed by the charcoal. Next, the potassium ni- 
trate is added, and the mixture is slightly moistened, 
which dissolves a small percentage of the potassium 
nitrate. The moistened mixture is then subjected to 
hours of intense mixing and milling, most commonly 
in a wheel mill (also described as a muller). In this 
process, there is a further reduction of particle size 
and some of the tiny individual particles become 
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bound together by their plastic flow under the pres- 
sure of the mill wheel. 


The resulting mixture burns much faster than a sim- 
ple dry mixing or sieving of the three ingredients. An 
example (shown below) of the effect of added pro- 
cessing can be seen in the mass burn rates of 1-gram 
conical piles of powder processed to varying degrees. 


0.5 
0.4 
0.3 
0.2 
0.1 
0.0 


Mass Burn Rate (g/s) 


A B Cc D 
Rough Black Powder Samples 


In each case, the initial ingredients were individually 
sieved to minus 100-mesh. Sample A had its compo- 
nents dry mixed by being passed three times through 
a 60-mesh sieve. Sample B was dry mixed for 15 
minutes using a mortar a pestle. Sample C was wet 
ball milled for 4 hours, dried and worked through a 
100-mesh sieve. Sample D had its fuels dry ball 
milled for 4 hours, the oxidizer added, and then wet 
ball milled for 8 hours, dried and worked through a 
100-mesh sieve. 


Modern manufacturing methods: Although details 
vary considerably from factory to factory, modern 
Black Powder manufacturing takes advantage of a 
diversity of modern machinery, which has changed 
little over the past 100 years. 


An essential safety procedure used several times dur- 
ing the manufacturing process is the exposure to 
powerful magnets, first of the raw ingredients and 
then, at later stages, mixtures of ingredients. The 
magnets remove any ferrous metallic debris that 
sometimes is accidentally included in the ingredients 
or may have come from the processing equipment. In 
Black Powder processing, such contaminants, even if 
in very small amounts, can result in ignitions and dis- 
astrous explosions. 


In the blending of the ingredients, first the charcoal 
and sulfur are mixed in a ball mill, where the particle 
size is greatly reduced, which results in an intimate 
mixture of the ingredients. Ball milling is done with- 
out water and when complete, the dry pulverized 
mixture is bagged and stored until ready to be added 
to a wheel mill where it is mixed with potassium ni- 
trate. The current practice in the US is to use prilled 
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potassium nitrate, which remains mostly free flowing 
upon storage. 


The three ingredients are placed together in a wheel 
mill (shown below). 


Photo Credit: Hagley Museum 


The clearance between the mill wheels and the bed 
plate of the pan can be adjusted depending on the 
amount of material being milled. The amount of 
powder being milled typically varies from about 250 
to 400 pounds (115 to 180 kg) depending on the size 
of the mill and the clearance distance used. Water is 
added to the dry mixture by hand. The amount of wa- 
ter added varies from 1.5 to 3.5% of the weight of the 
dry ingredients. The water is initially measured by 
volume, although its exact amount is not critical be- 
cause much of it soon evaporates during the milling 
process. To maintain the needed consistency of the 
powder as it is milled, it is often necessary to add 
small amounts of water during the milling process. 
The intense mechanical milling action produces heat, 
causing the powder and mill surfaces to become quite 
warm during the milling process, which induces 
greater evaporation from the moistened powder. Af- 
ter 2-% or more hours of milling, the mixture, which 
is then described as mill cake (or wheel cake), is re- 
moved from the mill. 


After milling, the still slightly moist powder is loaded 
into a series of frames (typically about 2 feet, 0.6 m, 
square) and put into a hydraulic press where it is 
pressed into slabs of compressed powder (typically 
about 0.75-inch, 19-mm, thick). In the illustration be- 
low, A is a hydraulic ram and B is the first of many 
slabs of powder to be loaded into the press. As much 
as 1200 pounds (8.2 MPa) of pressure per square inch 
is used to compress the slabs of powder. This causes 
further incorporation of the three ingredients. At this 
point, the powder is described as press cake. 
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Illustration Credit: Hagley Museum 


The press cake is then subjected to a series of rollers 
that act to break up the slabs of powder into grains. 
The rollers are made of metal and are both smooth 
and fluted having a series of rounded grooves along 
their length. The series of rollers break the press cake 
into variously sized and ever smaller pieces. This 
granulating process is described as corning and the 
apparatus with the rollers is described as a corning 
mill. (The term ‘corn’ refers to the small granules 
produced and was historically a generic term for var- 
ious cereal grains.) 


At various points during the corning process, the 
granulated powder is subjected to back and forth 
shaking on stainless steel screens that sort the pieces 
of powder into similar size grains. (For information 
about the size of the various grades of powder, see 
Black Powder grade). At the end of this screening 
(i.e., sieving) process, some of the especially fine 
powder (described as meal powder) is harvested but 
most is transferred back into the wheel mills for re- 
processing. The large oversized chunks of press cake 
may be reintroduced into the corning mill for further 
size reduction or they may be sent back to the wheel 
mill for reprocessing. 


Black Powder is typically finished by tumbling the 
still slightly moist powder for some time in a drum. 
This tumbling has the effect of removing the sharp 
edges from the irregularly-shaped powder grains and 
smoothing their surfaces somewhat. This improves 
the handling characteristics of the powder by allow- 
ing the powder to flow more freely when being load- 
ed and used. Finishing the powder in this way is also 
thought to make the powder slightly less susceptible 
to subsequently absorbing moisture during storage 
and use. 


In the distant past, this finishing process was some- 
times described as glazing or polishing; in modern 
times, glazing refers to the addition of a small 
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amount of graphite during the tumbling process. Two 
large glazing mills are shown below. 


Photo Credit: Hagley Museum 


Modern glazing with graphite coats the grains to give 
them a shiny appearance, makes the powder much 
more freely flowing, decreases the dust released by 
the powder during handling and may aid in retarding 
moisture absorption. The smooth and lustrous finish 
of modern glazed powder is easy to see in larger par- 
ticle sizes but is less obvious for small particles. The 
appearance of glazed (on the left) and unglazed 
(right) 3FA-blasting powders is shown below. (These 
grains range in the size from 10 to 16 mesh.) 


Black Powder formulations: The composition of 
Black Powder has varied substantially over the centu- 
ries and from country to country. One can only spec- 
ulate as to the reason for this, but it is likely a func- 
tion of a combination of the manufacturing process 
employed, the intended use of the powder and the na- 
ture of the raw ingredients. A series of formulations 
reported for Black Powder manufactured in England 
(Van Gelder, 1927) during its early history is pre- 
sented below. 
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Parts by Weight 


Historical Black Powder Manufacturing: The very ear- 
liest manufacturing of Black Powder was hindered by 


the lack of readily available sources of ingredients. 
For example, a common source for potassium nitrate 
in many countries was the lengthy process of com- 
bining animal feces and urine, allowing time for mi- 
crobial action to produce a mixture of nitrates. This 
was followed by the extraction of the crude nitrates 
by solution and filtration. The product was then treat- 
ed with wood ash to convert calcium nitrate into po- 
tassium nitrate; the solution was filtered and partially 
evaporated. Crude potassium nitrate crystallized from 
the solution and was separated by filtration. This was 
followed by recrystallization to further purify the po- 
tassium nitrate. 


By the early-19" century, commercial sources for the 
ingredients were more readily available and of rea- 
sonable quality. Nonetheless, with Black Powder be- 
ing the most strategic of military supplies, serious ef- 
forts continued to be implemented to improve the 
quality of sulfur and potassium nitrate. For example, 
it was common to refine sulfur by sublimation and to 
refine potassium nitrate by successive recrystalliza- 
tion. This effort was so well performed, that a com- 
parison of 150-year-old, 60-year-old and modern (ca. 
2000) samples of Black Powder found that the oldest 
samples had the highest purity of potassium nitrate. 
Next in purity was the powder made 60 years ago, 
with the most recent product having the lowest-purity 
potassium nitrate. 


The milling process has changed little over the past 
two centuries. In the earliest times, the milling was 
commonly accomplished using a stamp mill rather 
than a wheel mill. With a stamp mill, the particle size 
reduction was accomplished by the mechanical action 
between a heavy wooden or metal impactor being 
driven down against the powder held in a heavy 
wooden or metal bowl. Initially, stamp mills were 
manually operated (illustrated at the right below), but 
they soon were operated by a simple machine using 
water or draft animal powder. 


Page 137 


Before the granulation pro- 
cess for Black Powder was 
developed (ca 1425), it was 
used either as a loose pow- 
der or as caked lumps of 
powder. The compaction 
and granulation of Black 
Powder greatly improved its 
overall performance and 
consistency by promoting its 
propagative buming (see 
burn type, — pyrotechnic). 
Granulation also allowed for 
the use of appropriately- 
sized granulations for spe- 
cific purposes (e.g., fine 
granulations for small arms 
and coarse granulations for 
cannons). 


Illustration Credit: 
Brock, 1949 


For more information on the development of the 
manufacturing of Black Powder, see Black Powder 
early history (Black Powder origins). 


BLACK POWDER MANUFACTURING, FIELD- 
EXPEDIENT METHOD FOR — See coacervation. 


BLACK POWDER REACTION PRODUCT — See Black 
Powder combustion product. 


BLACK POWDER ROCKET MOTOR - See rocket motor, 
Black Powder. 


BLACK POWDER SPORTING GRADE — See Black 
Powder grade. 


BLACK POWDER STABILITY AND SENSITIVENESS — 
See Black Powder. 


BLACK POWDER SUBSTITUTE — See American Pio- 
neer Powder™, Golden Powder and Pyrodex™. 


BLACK POWDER, SULFURLESS — (Also sulfurless 
meal powder) — A type of Black Powder containing 
no sulfur; it can be used in a few instances in place of 
ordinary Black Powder. Sulfurless Black Powder is 
manufactured using methods similar to that for con- 
ventional Black Powder (see Black Powder manufac- 
turing). 


Sulfurless Black Powder is used in priming some 
compositions and devices, for example, compositions 
containing potassium chlorate. Doing so avoids direct 
contact between sulfur (in the prime) and potassium 
chlorate (in the composition), which can cause un- 
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wanted reactivity and possibly even ignitions. Also, 
sulfurless Black Powder has been used for priming 
magnesium-containing signal flares (some of which 
may also described as stars). Formulations (to the 
nearest 1%) are presented below (Ellern, 1968) for 
sulfurless Black Powder (1) and a slurry prime made 
from it (2) (see prime application technique). 


Formulation —| Parts by Weight 
Ingredient | (ae 


a) A4% solution of nitrocellulose in acetone. 


In formulations for other pyrotechnic compositions, 
sulfurless Black Powder is sometimes listed as an in- 
gredient. Unfortunately, it is not always clear whether 
it is intended to have been fully processed granular 
powder, like conventional Black Powder, or is simply 
a rough (1.e., unprocessed) mixture. 


If a small amount of properly made sulfurless Black 
Powder is ignited in a conical pile, it burns quite 
quickly, and it might be thought to be roughly equiv- 
alent to conventional Black Powder, although it 
makes a distinctive sizzling sound not heard with or- 
dinary Black Powder. Under other conditions, its 
burning is often substantially less effective than con- 
ventional Black Powder. Despite this, sulfurless 
Black Powder has been manufactured in bulk by 
manufacturers of conventional Black Powder for spe- 
cialized uses, usually by the military. 


The term ‘sulfurless black powder’ is occasionally 
(and confusingly) used to describe mixtures of potas- 
sium nitrate and other combustibles, such as table 
sugar (i.e., sucrose). Some of these mixtures can act 
as substitutes for Black Powder, others have serious 
flaws such as being hygroscopic or having dimin- 
ished burn rates. The term has also been applied to 
smokeless powders based on nitrocellulose — the in- 
appropriateness of this usage is obvious, as such 
powders are completely different from Black Powder. 


BLACK POWDER TYPE (other) — In addition to the 
types of Black Powder discussed in Black Powder 
grade, see pellet powder, serpentine powder, and 
some of the sub-definitions in the entry powder. 


BLACK POWDER USE - Black Powder still finds many 
applications, some of which are summarized below. 


In explosives: Black Powder was used extensively for 
blasting operations in the 18" and 19" centuries. It is 
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seldom used today because of its relatively low pres- 
sure and energy, somewhat noxious fumes and ex- 
treme sensitivity to sparks (i.e., accidental ignition). 
It still used in quarrying certain materials (e.g., coal, 
slate and marble) where a heaving or lifting action 
(rather than shattering) is required. 


In fireworks: Black Powder continues to be the single 
most widely used ingredient in fireworks in general. 
It is almost universally used for propelling aerial 
shells, comets, mines and Roman candle effects. It is 
placed under the object to be propelled and is de- 
scribed as the /ift charge. It is used as a prime com- 
position, as a break charge and occasionally as an in- 
gredient in star, fountain and driver compositions. 


In rocketry: Black Powder is the propellant used in 
the vast majority of small (e.g., “%4A through E), 
commercially-available model rocket motors. It is al- 
so commonly used as the ejection charge for amateur 
rocket recovery devices such as parachutes. 


In pyrotechnic special effects: Black Powder is used 
as a propelling charge, as a fast-developing smoke 


charge and as a dispersing charge. One common con- 
figuration is a Black Powder bomb that is used in var- 
ious ways in TV and motion picture productions. 
These may be used with flammable liquids or pow- 
dered organic materials to produce large, orange fire- 
balls that have become the standard appearance of 
nearly all explosions seen on television and in motion 
pictures. Black Powder bombs are also used as the 
propelling charge for various piston devices such as 
sand rams, kickers and cannon roll mortars. Small 
charges of Black Powder may also be used in a type 
of mortar hit. 


In fuse materials: Black Powder alone, rough Black 
Powder or a combination of rough and Black Powder 
continues to find application as the pyrotechnic com- 
position used in many types of fuse. The powder is 
used in dry form (e.g., in Bickford fuse, visco fuse 
and spolettes) or as a slurry or paste (e.g., in black 
match and quick match). 


In signals: Black Powder is frequently used as a pro- 
pelling and priming composition in various pyrotech- 
nic items such as signal flares. 


In weapons: Black Powder finds considerable use as 
an initiating or accelerating charge in artillery shells 
using smokeless propellants for their main propelling 
charge. 


Black Powder is used as a propelling charge in histor- 
ic weapons used in reenactments, at sporting events 
and for signaling cannons. It also is used in newly 
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manufactured Black Powder weapons for target 
shooting and sport hunting, especially where permit- 
ted hunting seasons for hunters using Black Powder 
rifles are opened earlier than for hunters using con- 
ventional smokeless propellant rifles. 


BLACK ROUGE - See iron(I/,III) oxide. 
BLACK SHELL — See dud shell. 

BLACK SMOKE - See smoke, black. 
BLACK SNAKE — See snake (fireworks). 
BLACK STAR — See blind. 


BLACK WRAP - A relatively heavy-gauge aluminum 
foil that has been anodized to give it a black-matte 
finish. Black wrap has several uses in lighting for 
theater and movie productions. In proximate audience 
pyrotechnics, black wrap may be used to help prevent 
the post firing burning (i.e., after-burning) of the cas- 
ing of a device such a waterfall tube. It is also useful 
to reduce the visibility of devices before they are 
fired; a large stage gerb before and after being cov- 
ered in black wrap 1s shown below. 
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BLANC FIXE — See barium sulfate. 
BLANK AMMUNITION - See blank cartridge. 


BLANK CARTRIDGE -— (Also blank ammunition or 
stage ammunition) — A cartridge case with a percus- 
sion primer but without a slug (i.e., projectile). It may 
be filled with various loads of Black Powder, smoke- 
less powder, a granulated flash powder or other pro- 
pellant. Weapons using blank cartridges are often 
used in conjunction with bullet hits in theatrical pro- 
ductions or in propellant-activated devices (i.e., 
tools). Views of 38 caliber blanks are shown below. 
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For use in movies and some other applications, it 
may be desirable for blank cartridges to produce a 
larger muzzle flash and/or more smoke than a regular 
cartridge. To accomplish this, special cartridges can 
be made that incorporate additives. To some extent 
the use of a percentage of Black Powder added to 
smokeless powder can be effective, especially in pro- 
ducing more smoke. When more light is desired, the 
smokeless powder granules can be coated with or 
mixed with a small amount of fine metal powder 
(e.g., magnesium or aluminum). 


Safety note: Even though blank cartridges have no 
slug, they can expel a wad, or other means of closure, 
at high velocity. At close range, these have caused se- 
rious injuries and even death on occasion. Other 
deaths have been caused by loading errors when real 
(i.e., live) ammunition was mistakenly loaded into 
weapons. For this reason, only specially-modified 
stage weapons, which have been configured to make 
it impossible to load real ammunition into them, are 
only considered acceptable to use. 


BLANKET -— (Also blanketing, pad or padding) — The 
technique of maintaining an atmosphere that is inert 
in the vapor space (i.e., u/lage) of a fuel container. 
An alternate method is to ensure that the vapor space 
is at a condition above the upper flammability limit 
for the fuel vapor. 


BLAST (noun) — The destructive air pressure wave pro- 
duced by an explosion in the surrounding atmosphere 
(or other fluid). (See blast wave, air.) Blast may also 
describe the explosion event itself. 


BLAST (verb) — See Dlasting. 

BLAST AREA — That area affected by a blast, the re- 
sulting rapidly moving materials (e.g., fly-rock) or 
the air blast caused by the blast. 

BLAST CHAMBER - (Also explosive test chamber) — A 


large vessel in which explosives and explosive devic- 
es are fired for test purposes. The chamber is intend- 
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ed to safely contain the blast effects and fragments. 
Blast chambers may also be constructed to retain the 
chemical reaction products for sampling and subse- 
quent analysis. 


It is common for a blast chamber to be constructed 
using a large steel tank. In the case shown below, the 
end of an 8-foot (2.4-m) diameter by 16-foot (4.9-m) 
long tank can be seen. 


The red object in the center is the door to the cham- 
ber. Internally, it is common for a blast chamber to 
have provisions for mounting various test instruments 
with the necessary electrical interconnections. To 
help muffle the sound produced and as an added safe- 
ty factor, the tank has been covered with earth. Al- 
most universally, a blast chamber will have air han- 
dling equipment to vent the chamber after an explo- 
sion, before personnel enter it. 


BLAST DEFLECTOR (rocketry) — See flame deflector. 
BLASTER — See shot firer. 


BLASTER BALL — (Also hand blaster, cracker ball or 
crackling ball) — A pair of ceramic balls, typically 
about one inch (25 mm) or slightly larger in diameter, 
coated with thin layer of an impact-sensitive, noise- 
producing pyrotechnic mixture. An example is shown 
below. 


Encyclopedic Dictionary of Pyrotechnics 


The balls can be struck together to cause a sharp 
cracking sound, or sometimes by rubbing together, a 
series of crackling sounds. A ball dropped onto a 
hard surface or thrown against a brick wall can make 
a surprisingly loud report considering the very small 
amount of reacting material. In each case, the reac- 
tion does not propagate over the surface of the ball, 
and the ball can be used repeatedly. In the enlarged 
view of the blaster balls (right above), the white spots 
on their surface are those points where reactions have 
occurred to consume the coating. The instructions on 
the package typically suggest the user to ‘Hold one in 
your hand, with same hand throw one in the air, then 
catch with same hand. Wait for cracking sound’ (as 
demonstrated by the child depicted on the packag- 
ing). After prolonged use, blaster balls become inef- 
fective because a substantial percentage of their coat- 
ing has reacted. 


Some formulations used for blaster balls manufac- 
tured in Argentina in the late 20" century (Ferrando, 
1992) are presented below. 


Formulation — Parts by Weight 
neko 
| Si hlo 9 |60 | ¢ — | 


a) Disodium tetraborate decahydrate. 

Formulation 1 gives the proportions of the three main 
ingredients of Ferrando’s preferred composition. For- 
mulation 2 is an estimate of his ‘best’ composition, 
produced using formulation 1 as a starting point, and 
that is made into an aqueous slurry with the binders 
and other ingredients added (described in much detail 
in the original reference). It is then coated onto 
porcelain balls and dried. Formulation 3 is the base 
mixture for colored blaster balls, with diminished 
sound levels. Like formulation 1, it requires the addi- 
tion of aqueous binders before being coated onto 
porcelain balls. Also, suitable emulsion pigments are 
added to the prepared aqueous slurry when colored 
products are required. Formulation 4 is a chlorate- 
free mixture, with diminished sound levels and re- 
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quiring greater impact to initiate. It also requires mix- 
ing with aqueous binders before coating onto porce- 
lain balls. 


Historical: In 1930 French inventor André Blanc (see 
British Patent 379,910, 1932) disclosed a novel com- 
position for ‘detonating toys’ and mentioned that 
previous examples of such toys consisted of ‘rounded 
bodies consisting of a hard core having three coatings 
thereon, the inner one of which is adhesive, the in- 
termediate one detonating and the outer one protec- 
tive and fireproof, the toy being intended to produce 
successive detonations until the whole detonating 
layer is used up so that the toy can be used several 
times.’ He further stated that “the detonating com- 
pound used is very unstable owing to the presence of 
piroxylin (sic) and sulphide of antimony with amor- 
phous phosphorus and chlorate of potash.” The pro- 
portions of these ingredients of known ‘detonating 
toys’ were not given; Blanc’s proposed composition 
is presented below. 


: Parts by 
Ingredient Weight 


This mixture was made into a semi-fluid paste with 
water and coated onto suitable cores such as pebbles, 
marbles or other hard balls. In use, the dried coated 
ball was thrown against a hard, dry surface to produce 
a ‘detonation’. Because only a small amount of the 
composition is consumed with each impact, it could 
be re-used up to 40 times. The presence of phospho- 
rus sesquisulfide and potassium chlorate in this com- 
position calls to mind the use of the same two ingre- 
dients in strike-anywhere matches and spit devils. 


BLASTER’S GALVANOMETER -— See blasting multime- 


ter. 


BLASTER’S HANDBOOK — A manual that serves as a 


guide to users of explosives. It provides current in- 
formation on commercial explosives and their most 
frequent applications. It is revised as changes occur 
in the explosives industry. The first handbook was 
published in 1922 by the Du Pont Company, who 
continued to publish updates until 1998 (17" edition) 
at which time the /nternational Society of Explosive 
Engineers assumed the task. 
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BLASTER’S MULTIMETER and BLASTER’S OHM- 
METER — See blasting multimeter. 


BLAST GAUGE, AIR — An instrument (typically a pie- 
zo-electric transducer) used for recording the air-blast 
effect of an explosion. Such a gauge needs to have a 
high frequency response, because an air blast at close 
range is a shock wave with its positive phase leading 
edge having a near instantaneous rise in pressure (il- 
lustrated below). 
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One common example of a 
blast gauge uses the piezo- 
electric effect of a quartz 
crystal to produce its elec- 
trical signal. When acted 
on by a pressure pulse, the 
quartz crystal produces a 
minute electric charge, 
which is converted to a 
voltage pulse and ampli- 
fied. The electric output of 
the gauge is proportional | 
to the magnitude of the 
pressure pulse. A free-field 
version of one such blast 
gauge is shown at the right (red arrows), as it might 
be set up in preparation for making an air-blast meas- 
urement. 


To record an accurate (i.e., free field) measurement 
of blast pressure (as opposed to stagnation pressure) 


the actual pressure sensor is located on the side of 


this long thin instrument (shown below, red arrow). 


An example of the signal produced in response to the 
air-blast wave from the explosion of a 3-inch (75-mm) 
firework salute at 4 feet (1.1 m), is presented below. 


Page 142 


Over Pressure 


A much simpler form of a blast gauge (described as a 
Bikini gauge) was initially developed for use during 
above-ground testing of nuclear weapons. The gauge 
was named after the Bikini Islands in the Pacific 
Ocean, where some of this testing was performed. 
These gauges consist of a pair of metal plates with 
matching variously-sized holes in them. A replacea- 
ble thin membrane (sometimes just a sheet of 20- 
pound copier paper) is placed between the two plates. 
When subjected to an air-blast wave, one or more 
portions of the membrane covering the holes may 
tear, depending on the strength of the membrane, the 
size of the hole and the strength of the blast wave. 
Examples of a type Bikini gauge is shown below. 


In preparation for use, the gauge on the left had a pa- 
per membrane loaded between its two aluminum 
plates. To read the results for the gauges shown, the 
smallest hole with some portion of its circumference 
cleanly-torn establishes the blast pressure reading. 
While these gauges do not provide precise readings, 
they are useful because they are inexpensive, rugged, 
do not require electric power and can produce a phys- 
ical record of the result. 


BLAST HOLE — (Also shot hole, borehole or drill hole) — 
A drilled hole that has been or will be charged with 
explosives for blasting purposes. 


BLAST IMPULSE, AIR- — See impulse. 


BLASTING — The use of explosives in mining, road 
construction, demolition, preparing construction sites 
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and other industrial applications. The blasting action 
may be shattering or heaving in nature, depending on 
the type of explosive used and the method of placing 
it within or near the material to be blasted. 


BLASTING AGENT — See high explosive. 
BLASTING CAP — See detonator. 


BLASTING EXPLOSIVE — Any of a range of high ex- 
plosives (e.g., dynamite and ANFO) used in mining, 
quarrying, construction and similar tasks. Although 
used in minuscule amounts in comparison with high 
explosives, Black Powder can also be considered a 
blasting explosive. 


BLASTING FIRING LINE -— See firing line, blasting. 
BLASTING FUSE — See blasting safety fuse. 
BLASTING FUSE CUTTER — See fuse cutter, blasting. 
BLASTING GALVANOMETER - See blasting multimeter. 


BLASTING GELATIN — (Also gelatinous explosive, 
gelatin, ammon gelignite, ammon gelatin dynamite or 
gelatin dynamite) — A commercial explosive com- 
posed of a very high proportion of nitroglycerine 
(about 92%) and/or nitroglycol with enough nitrocel- 
lulose to render it gelatinous, with a little calcium 
carbonate added as an antacid. It was invented by Al- 
fred Nobel in 1875. It has a high detonation velocity 
(7500-7800 m/s). It is characterized by its plasticity, 
relatively high density and water resistance. 


BLASTING GRADE BLACK POWDER -— See Black 
Powder grade (blasting grade). 


BLASTING INITIATOR — See detonator. 
BLASTING LINE — See firing line, blasting. 


BLASTING MACHINE — (Also exploder) — An electri- 
cal or electromechanical device that provides the 
necessary electrical energy to fire electric detonators 
or other types of initiators in an electric blasting cir- 
cuit. There are basically two types of blasting ma- 
chines, as discussed below. 


CD-type blasting machine — A _ capacitor- 
discharge blasting machine that typically uses batter- 
ies and electrical circuitry to charge one or more ca- 
pacitors to a high voltage before releasing that energy 
upon command into a blasting circuit. An example of 
a CD blasting machine is shown below. 
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ASHLEE, No 20013 
(ozo) 276-0146 tae IDEAL SUPPLY 
Yen ¥ PART No, 6035 


SOLID STATE ELECTRONIC 
BLASTING MACHINE 
INTERNAL RESISTANCE: 1 OHM 
MINIMUM ENERGY: 225 VDC / >4 JOULES 


PRESS & HOLD TO PRESS TO 
CHARGE DETONATE 


DO NOT CONNECT LEAD LINES MAXIMUM CAPACITY: | 
TO TERMINALS UNTIL READY 4 SINGLE SERIES OF 50 (2) OHME.B. CAPS 7) 
TO DETONATE SHOT ‘3 OHM LEAD LINE te 


BATTERY COMPARTMENT: 

When replacing Battery Cover observe positioning to ensure that cross 

tieseding does not occur. Machine will beivaerproci nie on Battery. 
{__Cover is tightend and O-ring is compressed firmly against side of machine. 


TO TEST: 


Test Blasting Circuit with a Blaster’s Multi- 
r. Before con! 


il meter or Galvai After testing both Blasting Circuit and 


Blasting Machine, CONNECT lead lines 
to terminals above and repeat CHARGE 
and DETONATE sequence 

as In "TO TEST." 


generator-type blasting machine — A_hand- 
operated electromechanical device in which mechan- 
ical action is used to produce the firing energy. Es- 
sentially, all early mechanical blasting machines were 
of the ‘rack bar’ or ‘plunger’ type, shown below. 


With these units, the bar is first pulled upward in 
preparation for firing. Then, the bar is pushed firmly 
downward, which causes a generator to rotate at high 
speed. When the bar is pushed all the way down, the 
now spinning generator is electrically connected to 
the firing circuit to deliver the needed firing energy. 
An early example of such a blasting machine was 
disclosed by American electrical engineer Henry Jul- 
ius Smith (1844-1901) in US Patent 201,296 (1878). 
While highly prized as collectors’ items, these units 
are essentially obsolete. 
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Still used is the ‘twisting’ type of mechanical blasting 
machine (shown below), especially in the US military 
where a high level of reliability is needed. 


This smaller unit is quite similar in concept to the 
rack-bar type, except that the rapid spinning of the 
generator is accomplished by the rotation of a handle, 
coupled to the generator through a gear arrangement. 


BLASTING MAT — A mat woven of steel wire, rope or 
other suitable materials and construction, used to re- 
duce flying rock (i.e., fly rock) or other projectiles 
during blasting operations. 


BLASTING MISFIRE — See misfire. 


BLASTING MULTIMETER — 
(Also blaster’s multimeter) 
— A multipurpose test in- 
strument used to measure 
line voltages, firing cir- 
cuits, current leakage, 
stray currents and other 
factors relevant to safe 
electric blasting is shown at 
the right. Only meters spe- 
cifically identified with 
‘blaster’ or ‘blasting’ 
should be used to test elec- 
tric detonators or blasting 
circuits. 


Photo credit: Thomas 


blasting galvanometer — (Also blaster’s ohmmeter 
or blaster’s galvanometer) — A resistance-sensing in- 
strument that contains a silver chloride cell (i.e., bat- 
tery) and/or a current-limiting device that is designed 
specifically for determining the continuity of electric 
detonators and their circuits. An example of a blast- 
ing galvanometer is shown below. 
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A blasting galvanometer is not truly a galvanometer 
in the historical sense because it does not measure 
electrical current from an external source but instead 
measures circuit resistance. Today, these instruments 
are almost universally described as a blasting (or 
blaster’s) ohmmeter. 


blasting ohmmeter — Today, it is common for a 
blasting galvanometer to measure and display circuit 
resistance. These instruments may more correctly be 
described as a blasting ohmmeter. An example is 
shown below. 


These instruments (and blasting multimeters) are cur- 
rent limited for their safe use in making measure- 
ments in firing circuits containing electric detonators 
(or electric matches). This is accomplished by apply- 
ing a minimal sensing current (i.e., test current) that 
is much below the no-fire current (a current not ade- 
quate to initiate a detonator). Thus, only instruments 
specifically identified with ‘blasting’ or ‘blaster’s’ 
should be used for testing detonators or their circuits. 


BLASTING OIL — See ¢rinitro-glycerol. 
BLASTING POWDER — See Black Powder. 


BLASTING POWDER GRADE — See Black Powder 
grade. 


BLASTING SAFETY FUSE — A type of Bickford fuse 
used for blasting. The burn rate of the fuse is often 
reported to be 0.30 inch per second (7.6 mm/s), but 
fuses from different manufacturers may burn at dif- 
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ferent rates. Furthermore, environmental conditions 
such as temperature, pressure and moisture can sub- 
stantially affect burn rate of the fuse. 


Blasting safety fuse burns internally, such that its 
burning will not communicate laterally to other blast- 
ing safety fuses. This fuse is primarily used to convey 
fire to a plain detonator, as shown below, which in 
turn initiates the main explosive charge. In the US, 
blasting safety fuse is regulated much like detonators. 


ase oinliagtomt 


I ! 1 i (a (ae a 2 ae 


The fuse takes the form of a flexible cord that is high- 
ly resistant to external moisture and flame, and it 
contains an internally-burning core of Black Powder. 
In addition to a rather heavy intermediate asphalt or 
other waterproofing layer, blasting safety fuse has a 
plastic or heavily-waxed covering for additional 
moisture protection. This is an especially important 
feature necessary to achieve a water-tight seal when 
crimped tightly into a fuse detonator. Blasting safety 
fuse typically has a smaller powder core than fire- 
work time fuse. An example of typical blasting safety 
fuse is illustrated below. 


Wax Coating 


Powder Core 
Asphalt Layer 
Fiber Wrap 


Inner Thread Bundle 
Powder Core Thread 
Outer Thread Wrap 


Examples of blasting safety fuse are shown below. 
The left three examples are plastic coated; the right- 
most is of more traditional construction, with a thread 
and wax coating. 
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Ignition of blasting safety fuse can be difficult and a 
variety of special fuse igniters, igniter cords and ig- 
niter cord connectors have been developed for use 
with this fuse. 


Safety considerations: It must be noted that the fire 
front in blasting safety fuse, as it burns, always pro- 
ceeds ahead of the area of any visible burning (identi- 
fied by a slight swelling of the fuse and often accom- 
panied by a slight discoloration of the surface of the 
fuse). Thus, this fuse can produce ignitions sooner 
than an observer might anticipate. Also, some degree 
of side-venting of burning blasting safety fuse typi- 
cally occurs, but that venting may not be readily ap- 
parent (i.e., visible). This side-venting is not enough 
to cause adjacent non-pyrotechnic materials or blast- 
ing safety fuse to ignite, but other exposed pyrotech- 
nic compositions can easily be ignited. In some in- 
stances, this can be an important safety consideration. 


When blasting safety fuse is exposed to excessive 
heat during storage, especially if prolonged, the res- 
ins in the internal waterproofing layer (e.g., asphalt) 
can potentially migrate into the powder core making 
the fuse unreliable. Particularly old samples of fuse 
are sometimes found to have dead spaces, where the 
powder core has been rendered quite fire resistant be- 
cause of such migrated resins. 


In fireworks: Even though blasting safety fuse is not 
well suited for many firework applications, it has 
sometimes been used as firework time fuse. Its outer 
plastic or waxy covering is resistant to gluing with 
the water-based adhesives that are routinely used in 
fireworks. In addition, its relatively small powder 
core makes fire transfer to and from the fuse more 
prone to failure than with traditional firework time 
fuse. Its relatively small powder core also reduces the 
intensity and duration of the fuse spit produced by 
this fuse. Because of the difficulty in igniting blasting 
safety fuse, when used in fireworks, this type of fuse 
must be very carefully cross matched or split and 
slurry primed on both ends. 


Just as heat can cause the waterproofing layer to mi- 
grate into and damage the powder core of blasting 
safety fuse, similar damage can also occur if the fuse 
is exposed to organic solvents (e.g., xylene). These 
solvents are sometimes present in non-aqueous adhe- 
sives used to glue a fuse in place, or they may be con- 
tained in its priming. Damage to the fuse occurs if the 
solvent penetrates the fuse and dissolves some of the 
waterproofing material that then migrates into the 
powder core. 
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Sometimes visco fuse is described as safety fuse. That 
can cause confusion with blasting safety fuse, which 
is also sometimes described as safety fuse. Thus, if 
visco fuse is to be described as safety fuse, it is pref- 
erable to describe it as firework safety fuse. 


sump fuse — A type of blasting safety fuse designed 
for especially wet conditions and when blasting in 
water-bearing rock; it could reliably be used even 
when entirely submerged. It was manufactured in 
much the same way as typical Bickford-style blasting 
safety fuse, except there were extra layers of threads 
and extra waterproof coverings. Manufacturers col- 
ored their sump fuse (often bright blue) to easily dif- 
ferentiate it from ordinary blasting safety fuse. Sump 
fuse burned at the same rate as normal blasting safety 
fuse even with its extra layers of water proofing. 


BLASTING SAFETY FUSE IGNITER — Sce fi use igniter, 
blasting safety. 


BLASTING SAFETY FUSE IGNITION METHOD -— See 
Bickford fuse ignition method and fuse igniter, blast- 
ing safety. 


BLASTING SHOT — See shot, blasting. 
BLASTING VIBRATION — See ground vibration. 
BLAST OVERPRESSURE - See blast pressure, air. 


BLAST PRESSURE, AERIAL SHELL (fireworks) — See 
aerial shell air-blast pressure. 


BLAST PRESSURE, AIR — (Also blast overpressure) — 
The pressure produced by the blast wave from an ex- 
plosion. That portion of the blast wave that exceeds 
atmospheric pressure is sometimes referred to as 
overpressure or blast overpressure. A typical setup 
for measuring blast pressure is illustrated below. 


Explosive 


Charge Blast 


Gauge 


Blast 
Gauge 


(See blast wave, air for an illustration of a blast pres- 
sure curve.) 


BLAST SHIELD — See safety equipment (safety shield). 
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BLAST SITE — The area where explosive material is 
handled during loading of a blast hole, which in- 
cludes at least 50 feet (15.2 m) in all directions from 
the perimeter formed by loaded blast holes. During 
the actual blasting operation, an appropriately large 
area needs to be cleared for safety. 


BLAST TUBE (rocketry) — (Also tailpipe) — A hollow 
tube (usually lined with an insulating material) that is 
used to connect the combustion chamber of a rocket 
motor and the nozzle, when the nozzle must be sepa- 
rated by some distance. Blast tubes may be used to 
move the rocket’s center of gravity forward or to al- 
low room for equipment at the rear of the rocket (e.g., 
fin actuators, for guidance). 


Blast tubes come in two varieties (illustrated below in 
cross section) depending on where the throat of the 
exhaust nozzle is located. 


Combustion stills 
Chamber 


Throat 


Supersonic 


When the throat is formed near the end of the blast 
tube, the flow of combustion gases through the blast 
tube will be subsonic. Whereas, when the throat is at 
the start of the blast tube, the flow of combustion 
gases through the blast tube will be supersonic. 


BLAST WAVE, AIR — (Also airborne vibration) — A 
shock wave generated in the atmosphere by an explo- 
sion. As the pressure wave passes, the air pressure 
rises almost instantly to a value above ambient at- 
mospheric pressure (illustrated below). The pressure 
then falls relatively slowly to a value below atmos- 
pheric pressure before returning to the ambient value, 
possibly after a series of smaller oscillations. The 
maximum pressure above atmospheric is known as 
the peak overpressure. The peak overpressure can be 
estimated mathematically, but the results can be sub- 
stantially affected by atmospheric conditions. The 
peak air overpressure can be expressed in terms of 
pressures (i.e., in psi or pascals); for lower pressures, 
it may be more convenient to use the decibel system. 
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Peak Overpressure 


2 

=> 
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” 

2 
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Pressure 

o Time 
Positive : 

Phase Negative 
Phase 


Time of Shock Arrival 


The initial portion of the pressure wave, above ambient 
pressure, is described as the positive phase. Whereas 
the following portion of the pressure wave, below 
ambient pressure, is described as the negative phase. 


An example of the signal produced in response to the 
air-blast wave from the explosion of a 3-inch (75- 
mm) firework salute at 4 feet (1.1 m), is presented 
below. 


Over Pressure 


Air shock waves from all explosions have a similar 
shape. For detonations, the reaction rate is sufficient- 
ly high to immediately produce a shock wave in air. 
For deflagrations and mechanical explosions, air shock 
waves are produced as the result of the process some- 
times described as ‘shocking-up’ (illustrated below). 


eee 


Pressure 


Initial Later Still Later 


— > 
Direction of Travel (Time) 


Any sufficiently great pressure pulse, regardless of its 
initial shape, will naturally evolve into a shock wave 
and is explained as follows. All parts of the pressure 
pulse move at the speed of sound. The pressure pulse 
compresses the air, with the higher-pressure portions 
of the pulse compressing the air to a greater extent 
than the lower pressure portions of the pulse. Com- 
pressing the air results in its heating to a higher tem- 
perature, in proportion to the compression. Because 
the speed of sound increases with temperature, the 
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higher-pressure portions of the pulse travel at a great- 
er speed than the lower pressure portions of the pulse. 
This has the effect of the higher-pressure portions of 
the pulse catching up to the initial lower pressure part 
of the pulse. This process continues until the pressure 
pulse has transformed itself into a shock wave with 
the standard shape. 


As the air-blast wave propagates away from the ex- 
plosion, the peak overpressure decreases and the du- 
ration of the positive phase increases. This is presented 
below for a 1 kg charge of TNT. 


1 kg TNT 


1.0 meter 


Overpressure (atm) 


I 
| 2.0 meters 


(i eee ee Eee 
1 1 
0.00 0.52 0.88 1.17 
Time (ms) 


This has the effect of decreasing the intensity of the 
sound with increasing distance, and the sound becomes 
mellower in its tonal quality. Eventually, the shock 
wave degrades completely into a sound wave, by 
which time it has lost its sharp initial rise in pressure. 


In_fireworks: Many firework explosions are simple 
mechanical explosions. For example, the explosion of 
an aerial star shell occurs when the shell casing bursts 
from the rapidly increasing pressure inside. (See aer- 
ial shell burst mechanism.) Nonetheless, these explo- 
sions produce an air-blast wave by first shocking-up 
and then degrading (as described above). 


In explosives: There are at least five possible sources 
of air-blast waves produced by blasting operations: 
the detonation of unconfined explosive charges, the 
insufficient or incorrect use of stemming (which may 
cause the explosive venting of gases), the venting of 
high-pressure gases from cracks and fissures pro- 
duced by the blast, the physical movement of materi- 
al being blasted and the vertical component of 
ground vibration waves. 
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BLENDING -— The deliberate combining and intermin- 
gling of two or more dissimilar materials with the in- 
tention of achieving some desired degree of uniformi- 
ty in the final product. Mixing and blending usually 
denote the same process and are frequently used in- 
terchangeably. 


BLEVE -— The acronym for a boiling liquid expanding 
vapor explosion, such as from the catastrophic failure 
of a container of pressure-liquefied fuel in a fire. 


BLIND (fireworks) — Describes a pyrotechnic item that 
was intended to explode after applying an ignition 
stimulus but that fails to burn. An item can become 
blind either because the it did not ignite at all or be- 
cause the ignition failed to propagate successfully. 


A failure to ignite a pyrotechnic composition is the 
result of a failure to raise the initial portion of the 
composition to its ignition temperature. For a more 
extensive discussion, see ignition (pyrotechnic). This 
problem can be solved either by increasing the ther- 
mal effectiveness of the ignition stimulus (such as by 
using an igniter producing a higher temperature) or 
by using a pyrotechnic composition (or applying a 
prime composition) having a lower ignition tempera- 
ture. Ignition is also more likely when the surface to 
be ignited has a granular texture or is scratched or 
otherwise roughened, providing a surface that is more 
easily raised to its ignition temperature. 


A failure of a pyrotechnic composition to propagate 
an ignition is a failure to feedback enough thermal 
energy from the reacting (i.e., ignited) portion of the 
composition to the not yet reacting (i.e., pre-reacting) 
portion of the composition. For a more extensive dis- 
cussion, see propagation. This problem can be solved 
either by using a pyrotechnic composition that pro- 
duces greater thermal energy or by increasing the ef- 
fectiveness of the thermal energy feedback. 


blind effect — Unignited or extinguished effects re- 
maining after the burst of an aerial shell or the func- 
tioning of another firework device (such as a mine or 
Roman candle). Such effects can be stars or small in- 
sert devices such as whistles, serpents, hummers, 
tourbillions, bees, reports or small shells. The pres- 
ence of blind effects on the ground after a display 
presents a hazard to persons (especially children) 
who might pick them up and attempt to ignite them 
or otherwise mishandle them. 


Using heavy priming and/or a weaker shell break 
charge can solve the problem of blind effects. For 
mines and Roman candles, using heavy priming 
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and/or reducing the amount of lift charge can solve 
the problem of blind effects. 


blind shell — See dud shell. 
blind star — (Also black star) See blind effect above. 


BLINKER — A device or composition that produces a 
strobe effect. 


BLISTER PRODUCER (military) — See vesicant. 


BLOCK BUSTER — See exploding ground firework 
(US), illegal. 


BLOCKHOUSE — A safety shelter for personnel, used 
during the launch of large pyrotechnic devices. It is 
common for the blockhouse to have a means to monitor 
the launch, either with viewing ports or electronically. 


BLOCK MATCH - See match, tear-off. 


BLOOD BAG - A special effect contrivance used on a 
performer’s body to enhance the realism of a bullet 
effect. The blood bag commonly consists of a small 
balloon or plastic bag containing stage blood. In one 
of several possibilities, the blood bag is placed tightly 
against the inside of a performer’s outer layer of 
clothing, as illustrated below in cross section. At- 
tachment is often facilitated by using a spray adhe- 
sive. When the bullet hit is fired, the blood bag and 
the outer layer of clothing tears open, releasing the 
stage blood to give the illusion of the performer 
bleeding from being struck by a bullet. 


Outer Clothing Layer 
Tape Layer 
Protective Layer 


Bullet Hit 
Blood Bag 
Bullet Hit Shield 


Bullet Hit 
Leg Wires 


In an alternative configuration, the bullet hit is placed 
between the blood bag and the outer clothing layer. 
In this configuration the bullet hit shield is not used 
and the blood bag itself absorbs some of the explo- 
sive output of the bullet hit. 


BLOOD, PREPARED — See prepared blood. 
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BLOOMING ON THE GUN — See muzzle break. 


BLOWBACK -— Ignited material that moves in an unex- 
pected direction. 


BLOWBY — Flame or combustion that bypasses an in- 
tended barrier. 


BLOWN ALUMINUM — See aluminum powder manufac- 
turing method (atomized aluminum powder). 


BLOWN BLIND — Describes a firework star or other ef- 
fect that either fails to ignite successfully, or that ig- 
nited but was then extinguished because of its ex- 
tremely rapid motion through the air. Blind effects 
can occur in any device (e.g., an aerial shell, a mine 
or a Roman candle) that produces an ignited projec- 
tile. For example, if a shell’s burst charge is particu- 
larly brisant, the shell may explode before many of 
the stars are sufficiently well ignited within the shell. 
If the burst charge is less powerful, but the shell cas- 
ing is particularly strong, the stars may initially ignite 
only to be expelled at such a high velocity through 
the air that they are then extinguished. 


An example of an aerial shell exploding with the stars 
moving outward at high speed is shown below. In the 
enlarged view (lower), note that the flame produced 
by the stars can be seen to trail behind the stars. 
When this occurs, the amount of thermal energy be- 
ing fed back from the flame to the star is reduced. If 
the star is moving too fast, the thermal energy being 
fed back may be too low for the burning to success- 
fully propagate. If so, the star will be extinguished 
having been blown blind. 
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Like stars, aerial shell inserts can also be blown 
blind. Similarly, stars and inserts propelled from 
mines and Roman candles can be blown blind. See 
blind (fireworks). 


BLOWOUT (fireworks) — The malfunction of a firework 
device (e.g., a fountain or Roman candle) that unin- 
tentionally releases pressure (i.e., combustion prod- 
ucts) in a manner not intended. An example of how 
such a malfunction might appear for a fountain pro- 
ducing a very dense spray of titanium sparks as it be- 
gins (left) and then as it lifts off its base producing 
sparks in an unintended direction is shown below 


(right). 


iv 


When this occurs, it is usually the result of using a 
tube that is not sufficiently strong or sufficiently well 
sealed. Weakening of the tube or its means of clo- 
sure, usually the result of damage from combustion, 
can be a contributing factor in this type of malfunc- 
tion. 


Another closely related firework malfunction is de- 
scribed as burn through, in which there is a release of 
combustion products in a location other than intended 
as a result of damage from combustion, typically by 
burning through the item’s casing. In many instances, 
it is not possible to characterize such a release as 
primarily due to burn through or blowout, as it is very 
likely to be a combination of the two. 


BLOWOUT DISK — See rupture disk. 


BLOW-OUT IMITATOR and BLOW-OUT SIMULATOR 
(fireworks) — See auto-tire joker. 


BLOW-THROUGH — An event wherein pressure forces 
fire past its intended location. 
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In_rocketry: Usually a type of rocket motor failure 
wherein a major portion of the propellant is ejected 
out the forward end of the motor. Occasionally, the 
high pressure inside a rocket motor is sufficient to 
cause fire to prematurely reach: 1) in model rockets, 
the delay or ejection charge, which prematurely de- 
ploys the recovery device; 2) in firework rockets, the 
rocket heading, which explodes just after the rocket is 
fired. This problem may be caused by weakly com- 
pacted propellant composition, cracks in the composi- 
tion or an undersized exhaust nozzle. In some cases of 
blow through, the nozzle is also ejected from the casing. 


A non-failure mode of blow through is used to ac- 
complish ignition of upper stage motors in some 
staged model rockets. In this case, a small portion of 
the burning propellant at the top of the grain is inten- 
tionally blown forward into the nozzle of the follow- 
ing stage to ignite that stage (see rocket, multistage). 
This blow through occurs when the propellant at the 
end of the grain (i.e., the web) is too thin to contain 
the chamber pressure. 


In aerial shells: The high pressure produced within a 
mortar while firing a shell may be enough to cause a 
poorly (i.e., weakly) glued time fuse to be pushed en- 
tirely into the shell, which admits fire into the shell. 
Because of the time taken for star shells to explode 
after their contents are ignited, a star shell will either 
explode within the mortar, somewhat near the top of 
the mortar, or just after leaving the mortar, depending 
on exactly when the fire leak occurred. On the con- 
trary, because salute shells explode more quickly, 
they will almost always explode while still well with- 
in the mortar. This malfunction may also be caused 
by a fracture in a plastic hemisphere or end cap al- 
lowing the high-pressure gases from the burning lift 
charge to enter the interior of the aerial shell, causing 
it to burst prematurely. 


The high pressure produced within an exploding 
multibreak aerial shell may be adequate to cause 
poorly consolidated composition in a spolette to be 
pushed into the next break of the shell. When this 
happens, fire immediately enters the next break of the 
shell, causing it to explode prematurely. 


BLUE ALUMINUM — See aluminum, blue. 


BLUE ASHES — See copper(II) carbonate—copper(II) 
hydroxide (2/1). 


BLUE FLAME CHEMISTRY — See colored-flame chem- 
istry. 
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BLUE-HEAD ALUMINUM — See aluminum, German 
dark. 


BLUE LIGHT (fireworks) — (Also toy blue light) — Pri- 
marily a British shop goods (i.e., consumer) firework 
of historical interest that used plain Bengal fire. It 
consisted of a relatively long, thin paper tube approx- 
imately 6 inches (150 mm) long and % inch (6 mm) 
in diameter, charged with a plain Bengal fire compo- 
sition; two formulations are presented below. 


Formulation —| Parts by Weight 
Ingredient | (2) 


1) Weingart, 1947. 2) Lancaster, 2006. 


The firework was intended to be held in the hand 
while burning and produced a bluish-white flame (see 
colored-flame chemistry (white flame)). 


BLUE LIGHT (signal) — See marine signal. 
BLUE PORTFIRE — See portfire. 
BLUE TOUCH PAPER - See fouch paper. 


BLUE VERDITER — See copper(II) carbonate— 
copper(II) hydroxide (2/1). 


BLUE VITRIOL — See copper(II) sulfate pentahydrate. 
BM — Abbreviation for Bureau of Mines (US). 
BOATTAIL — See body tube coupler. 


BODY BURN (special effect) — A fire stunt involving 
the apparent burning of a stunt performer. Obviously, 
this is highly dangerous and all necessary safety pre- 
cautions must be taken to protect the performer from 
injury. The stunt performer wears special fire-resistant, 
impermeable clothing, which has been coated with a 
flammable gel. The gel is ignited, and the performer 
has a short time to perform before dropping to the 
ground, where crew members quickly extinguish the 
flames. Body burns require especially experienced 
stunt performers and special effect technicians. 


BODY TUBE — The tube or tubes used for the outer air- 
frame of a rocket and into which or onto which other 


Encyclopedic Dictionary of Pyrotechnics 


rocket components are at- 
tached. A simple example is 
shown at the right (red ar- 
rows). 


In model rockets, a body tube 
is most often made of paper or 
plastic. In high-power rockets, 
heavy-walled paper tubes, 
phenolic impregnated paper 
tubes, fiberglass tubes or oth- 
er newer types of tubes (e.g., 
carbon fiber) may be used as 
body tubes. For high-power 
rocketry, a ductile metal tube 
is sometimes allowed, if nec- 
essary, to meet the require- 
ments of the applicable safety 
code or mission purpose. 


BODY TUBE ADAPTER — Sce 
body tube coupler. 


BODY TUBE COUPLER (rocketry) — (Also body tube 
adapter, coupler or tube coupler) — Usually a hollow, 
but in some cases a solid or blocked, rocket compo- 
nent designed to fit inside the body tube of a model or 
high-power rocket to extend the length of the rocket 
by coupling to another body tube of the same diame- 


ter (illustrated below) and/or to transition to a larger 


or smaller diameter body tube. 


Body Tube 


Body Tube 
Coupler 


Body 
Tube 


When there is a change in body tube diameter, the 
coupler is likely to be described as an adapter or tran- 
sition. 


body tube reducer — (Also reducer) — The result of 


using a body tube adapter such that the larger diame- 
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ter body tube is nearer the top end of the rocket. An 
example is illustrated below. 


Nose 
Cone 


Reducer 


body tube adapter — (Also adapter, tube adapter or 
transition) — A part or construction component used 
to affect a transition between two body tubes of dif- 
ferent diameters. It often has the shape of a truncated 
cone when installed in a model rocket. It aids by 
streamlining the design ofa rocket. An adapter may be 
molded plastic, formed from balsa wood or construct- 
ed using a combination of materials. Rocket motor 
mounts sometimes use a form of adapter or centering 
rings to transition from the rocket’s body tube inside 
diameter to the motor mount tube outside diameter. 


body tube shoulder — (Also shoulder) — Describes 
the result of using a body tube adapter such that the 
smaller diameter body tube is nearer the top end of 
the rocket. An example is illustrated below. 


Body Tube 


Shoulder 


Body Tube 


boattail — A transition section at the base of the 
rocket that gradually narrows the body of the rocket 
to the motor diameter. This helps reduce the base 
drag force. Two examples of a boattail are illustrated 
below. 
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Straight Curved 
Tapered Boattail 
Boattail 


The most effective reduction in base drag occurs if 
the boattail tapers to the minimum diameter of the mo- 
tor. A boattail may have a conical (i.e., straight taper) 
or ogival (1.e., curved) shape. While the ogival shape 
is more efficient, the conical shape is easier to fabri- 
cate. To prevent flow separation, the boattail should 
taper gradually to allow the air flow to remain at- 
tached rather than causing premature flow separation. 


nose block — A solid or blocked body tube coupler 
that is used to prevent the passage of ejection gases 
from one tube to the other. 


BOE — Abbreviation for Bureau of Explosives (US). 


BOGARDUS SHELL CARTRIDGE — A pyrotechnic car- 
tridge invented and patented in the United States in 
1879 by world trap-shooting champion Captain Ad- 
am Henry Bogardus (1834-1913). Intended to be 
fired from a shotgun, it projected a miniature aerial 
shell high into the air for 4" of July and similar cele- 
brations or for signaling. Below is an illustration of 
the staging of a small display by the firing of several 
shell cartridges into the air. 
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Illustration credit: Unexcelled Fireworks Co., 1884. 


Two examples of the construction of Bogardus shell 
cartridges are illustrated below. The first is a shell 
cartridge intended for firing from a breach-loading 
shotgun, and the second is a shell cartridge for firing 
from a muzzle-loading shotgun. 


Illustration credit: Bogardus, 1879. 


In the drawings: A is a tubular paper aerial shell casing, 
B is the pyrotechnic contents (e.g., fireworks of any 
desired character) of the aerial shell, C is the forward 
shell casing end plug, D is the other shell casing end 
plug, F is a wad of larger diameter than A and forming 
a head for the shell, G is the shotgun cartridge casing, 
H is the propelling powder charge, and | is the time 
fuse for the aerial shell. 


BOILING POINT — (Abbreviation bp) — The tempera- 
ture at which the liquid phase of a substance changes 
into its gas phase. At the boiling point, the vapor 
pressure of the substance equals the air pressure act- 
ing on the liquid. Thus, the boiling point is pressure 
dependent, with higher air pressures corresponding to 
higher boiling points. Unless otherwise stated, an air 
pressure of 1 atmosphere is assumed. Bubbles that 
form below the surface of the liquid contain vapor at 
a pressure that matches the applied pressure. There- 
fore, the bubbles are not crushed by the surrounding 
liquid, and their buoyancy causes them to rise 
through the liquid to the surface to give the familiar 
appearance of a boiling liquid. The boiling point of 
water is 212 °F (100 °C) at sea level. 


BOKETTE — See bucket. 


BOLTZMANN CONSTANT and BOLTZMANN UNI- 
VERSAL CONVERSION FACTOR — (Symbol: k) — 
(Also gas constant per molecule) — The ratio of the 
universal gas constant (R) to Avogadro’s number. It 
equals 1.38065x10 * joule/kelvin. 
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BOLTZMANN DISTRIBUTION — (Also Gibbs distribu- 
tion) — The Boltzmann distribution, named after Aus- 
trian physicist Ludwig Boltzmann (1844-1906) is a 
mathematical equation that expresses the relationship 
between the number of particles in a specific energy 
state and the temperature. It applies to a collection of 
a very large number (JN) of independent, distinguish- 
able particles in thermodynamic equilibrium at a 
temperature (7) and states that the number of parti- 
cles (Vz) in a specific energy state (£) is given by: 


N = 
a 


Here, e is the base of natural logarithms, k is Boltz- 
mann’s constant (1.38 x 10°? J/K) and Z is the parti- 
tion function, a number that depends on the nature of 
the particles and the temperature. 


The following graph illustrates the relationship be- 
tween thermal energy and the number of particles 
having that value of thermal energy, at a temperature 
T,, according to the Boltzmann distribution. 


Number of Particles 


Thermal Energy 


The Boltzmann distribution only applies quantitatively 
to particles (e.g., atoms and molecules) when in the 
gaseous state. Similar thermal energy distributions 
exist for atoms and molecules in condensed states as 
well. Accordingly, diagrams such as the above are 
helpful in conceptualizing the role of temperature in 
pyrotechnic ignition. (See ignition (pyrotechnic).) 


For ignition to take place, two things are required. 
First, some particles must have energies at least equal 
to the activation energy (E.) of the chemical reaction 
involved in the ignition. Secondly, there must be 
enough of those energetic particles to ensure that the 
reaction can propagate. In other words, enough of the 
energetic particles must contribute their energy to ini- 
tiating a reaction, leading to the release of more ener- 
gy, rather than by simply re-distributing their energy 
in collisions with other particles. The following dia- 
gram shows that at a temperature 7; only a very small 
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fraction of the particles has a thermal energy equal to, 
or greater than, E,. Consequently, at 71, the number 
of particles having the energy needed to initiate the 
reaction may well be too small to allow the chemical 
reaction to propagate and produce an ignition. 


Number of Particles 


Thermal Energy 


The next diagram shows, not only the energy distri- 
bution for 7\, but the corresponding energy distribu- 
tion for some higher temperature 7. 


Number of Particles 
— 


Thermal Energy 


At the higher temperature a much larger fraction of 
the particles has energies equal to or greater than the 
activation energy. In this case, there will be so many 
particles having the energy needed to initiate the re- 
action that the chemical reactions will propagate, re- 
sulting in ignition. 


The fact that the fraction of particles having energies 
equal to or greater than a given energy depends 
somewhat exponentially on the temperature, explains 
why arather small difference in temperature can make 
the difference between a mixture remaining stable or 
igniting. 


BOLTZMANN FACTOR — In a collection of a very large 


number (N) of independent, distinguishable particles 
in thermodynamic equilibrium at a temperature (T), 
the number of particles (Ng) in a particular energy 
state (E) is given by the Boltzmann distribution: 
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-E 
N,= N it 
GZ, 
-E 


The term e*” in this equation is called the Boltzmann 
factor. 


The Boltzmann factor appears in many important re- 
lationships in physics and physical chemistry. For 
example, in a hot gas containing N atoms or mole- 
cules ofa certain substance in thermal equilibrium, the 
number of atoms or molecules having electrons in an 
electronic energy level having energy F\ is given by: 


Here the factor g, called the statistical weight, is in- 
cluded to account for the fact that an energy level 
may include several energy states, each having the 
same energy. 


This relationship is important in pyrotechnics be- 
cause the intensity of light emitted at a specific wave- 
length is proportional to the number of atoms or mol- 
ecules in the electronic energy level corresponding to 
that wavelength. The Boltzmann factor indicates that 
the number of particles in that energy level will in- 
crease exponentially with temperature, thus the inten- 
sity of the emitted light will increase exponentially 
with temperature — up to a point, because other pro- 
cesses, also involving the Boltzmann factor, also 
come into play. For example, a diatomic molecule XY 
in a hot gas will dissociate as presented below. 


XY & X+ Y 


If the bond energy of the molecule XY is Ex, then the 
numbers of species X, Y and XY are related by: 


—E, 
Lgl om 


Ny: Ny, =Ny 


XY 


Thus, the number of XY molecules will decrease ex- 
ponentially with temperature. Consequently, for any 
given quantity of the elements X and Y in a gas, there 
is an optimum temperature (7) for the emission of 
light from the molecule XY, arising from the balance 
between the excitation of XY molecules to the re- 
quired energy level and the loss of XY molecules by 
dissociation. 


An exactly analogous process occurs for atoms in a 
hot gas, where the atoms are subject to ionization (a 
form of dissociation): 


XO NV+ e 
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Here, e is an electron, and the Boltzmann relationship 
becomes: 


Tg, 
N,.-N, =Ny———“e 


where £; is the ionization energy of the atom. This re- 
lationship between ionization and temperature is 
known as the Saha equation, after Indian physicist 
Meghnad Saha (1893-1956), who introduced it in 
1920. 


The partition function (Z) that appears in all these re- 
lationships is simply the sum of the Boltzmann fac- 
tors for all the energy states available to the relevant 
particle at the temperature of interest. Partition func- 
tions can be calculated from spectroscopic measure- 
ments and from quantum theory. Tables of partition 
functions as a function of temperature are available 
for many atoms and molecules. 


BOLTZMANN’S LAW or BOLTZMANN’S RADIATION 
LAW — See radiation law (Stefan-Boltzmann’s law). 


BoM — Abbreviation for the Bureau of Mines (US). 


BOM TEST -— See impact sensitiveness test (Bureau of 
Mines test). 


BOMB -— Any strong pressure vessel. In non-military 
applications, the pressure vessel is intended to be of 
adequate strength to survive intact (i.e., without ex- 
ploding). For example, see closed bomb and calorim- 
eter, bomb. 


In fireworks: Bomb and bomb shell are anachronistic 
terms for an aerial shell. 


In weaponry: A device intended to produce harm, 
such as damage to property or injury to individuals, 
by exploding. Usually, military bombs are strongly 
encased explosive charges that are intended to ex- 
plode inside the container to produce a devastatingly 
powerful blast with lethal fragments from the casing 
(e.g., shrapnel). In other applications, the charge of 
explosive may be weakly confined (or unconfined) 
such that the intrinsic power of the explosive produc- 
es harm, or, in some cases, the explosive may be sur- 
rounded by pellets or other objects to be propelled at 
high velocity to do harm. 


BOMBA — See Maltese firework term. 
BOMBARDMENT (fireworks) — See multiple-tube de- 


vice. 
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BOMBARDO RACK - A type of multiple-tube device. 
It usually consists of a collection of small mortars 
firmly attached to a single base, as shown below. The 
mortars are chain fused and typically fire in rapid se- 
quence (or possibly fire at a slower, predetermined 
rate). The fusing usually enters the mortars along the 
bottom (rather than using quick match and entering 
through the top of each mortar). The term is especially 
common among Canadian pyrotechnicians. 


BOMB CALORIMETER — See calorimeter, bomb. 


BOMBETTE -— See aerial shell name and description 
(specific). 


BOMB SHELL (fireworks) — See aerial shell (fire- 
works) preferred terminology. 


BOMB TANK (special effect) — (Also resonator or 
Helmholtz resonator) — A strong container (typically 
steel) in which a stage maroon is exploded during a 
performance (illustrated below in cross section). 


Heavy [ Electric Match 


Stage 


The top of the tank has a heavy-screened opening to 
allow the ready exit of the blast of sound, while re- 
taining any dangerous fragments that may be pro- 
duced by the exploding maroon. 


As a resonant air cavity, the size of the bomb tank 
container can affect the tonal quality of the concus- 
sive effect produced. 

BON-BON -— See Christmas cracker. 


BOND, CHEMICAL — See chemical bond. 
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BONDING (general) — Roughly synonymous with glu- 


ing. The act of joining solid materials often with the 
use of an adhesive. 


BONDING, ELECTRICAL — See electrical bonding. 


BONFIRE — A large fire that may be used as part of a 


celebration, or it may be used as a special effect as 
part of a performance. 


As part of a celebration: A bonfire is a simple fire 
produced by burning various materials, most com- 
monly wood. The use of bonfires for celebratory pur- 
poses certainly predates written history and continues 
to be popular even today. Bonfires are an important 
part of Guy Fawkes Day celebrations in England and 
in many events around the world. Today, it is com- 
mon for fireworks to be used or displayed in conjunc- 
tion with bonfire celebrations. 


An unusual form of a bonfire in Santa Fe, NM (US) 
is shown below. 


A 50-foot (15-m) tall effigy of Zozobra™ (left, rep- 
resenting all things gloomy) is burned (right), taking 
with him all the troubles of the celebrants in attend- 
ance. The Zozobra figure is a huge marionette with 
cables attached to an overhead crane that is used to 
suspend Zozobra and to operate his articulated arms 
and head. This festival originated in 1712 as an annu- 
al event, and the Zozobra effigy was added in 1924. 


As a special effect: A bonfire is typically a gas flame 
effect, which is produced using one or two flame bars 
each in a tight circle and against which a collection of 
fake logs (typically made of iron) have been placed. 


BOOBY TRAP — Typically, an explosive device acti- 


vated by motion. 


Military: A booby trap is a concealed anti-personnel 
weapon or a pyrotechnic training device intended to 
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safely simulate a concealed lethal device. It is typi- 
cally activated by a tripwire. 


In fireworks: See pulling firework. 
BOOKIE PAPER — See flash material (flash paper). 
BOOK MATCH — See match, tear-off and matchbook. 
BOOM POWDER - Describes various pyrotechnic igni- 
tion materials, particularly for military devices that 


produce many incandescent particles upon burning A 
sample formulation (Ellern, 1968) is presented below. 


Ingredient Parts by Weight ® 
| 5 J 


a) Plus about 1% nitrocellulose as a binder. 


BOOSTED DART (rocketry) — A method to maximize 
the altitude for any given impulse motor. A sub- 
minimum diameter, unpowered ‘dart’ section that 
may be weighted for a greater ballistic coefficient 
and/or a more nearly optimum mass is placed on top 
of the powered section. At burnout (i.e., maximum 
velocity), the dart is separated from the booster (i.e., 
motor) section and, due to its small cross-sectional 
area, coasts higher than even a minimum diameter 
rocket could. This technique is used in both profes- 
sional sounding rockets (e.g., Super Loki) and ama- 
teur rockets. 


BOOSTER, BREAK CHARGE — See break charge 
booster. 


BOOSTER, EXPLOSIVE — (Also primer or booster 
charge) — A term having several closely-related but 
not identical meanings: 


e A pre-packaged charge of detonating explosive that is 
used to increase the initiating power of a detonator or 
detonating cord. Such a charge is placed in an explo- 
sive train between the initiator and the main charge to 
amplify the detonation wave of the initiator. 


e A high-velocity explosive, used in a relatively small 
quantity, to improve the performance of another ex- 
plosive by intensifying an explosive reaction. One 
explosive commonly used in a booster is pentolite. 
The charge being boosted is typically a blasting agent 
such as ANFO, which constitutes the major portion 
of the overall charge of explosive used. 
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A one-pound (0.45-kg) cast booster, prepared to be 
fired using detonating cord, is shown below. 


ysosved $23 basesas . 
eeuSweeess FSTRSSTTTT DSSS e2+- 


A much smaller 4 ounce (7 g) booster (sometimes 
described as a stinger), about to have a detonator in- 
serted into it, is shown below (lower, right). 


eIn military usage, booster may refer to an explosive 
charge, much larger than the initiating detonator, con- 
tained within a fuze. 


Note: according to the current UN definition of pri- 
mer (see primer, explosive), the detonator is defined 
to be the primer; by that definition, it is incorrect to 
refer to a booster charge as a primer. Nonetheless that 
usage continues to be common in the US. 


BOOSTER PROPELLANT — See propellant, rocket mo- 
tor. 


BOOSTER ROCKET -— See rocket type by function. 


BOOSTER ROCKET MOTOR — See rocket motor, 
booster. 


BOOSTER STAGE — See rocket, multistage. 


BOOST GLIDER — (Abbreviated B/G) — A glider that is 
propelled (i.e., boosted) to altitude by a model rocket 
motor. The pod that contains the expended motor (or 
the motor case itself) may separate from the glider by 
the ejection charge and be returned to earth slowed 
by a streamer or parachute. If the pod (and/or motor) 
separates from the glider that lowers the weight of the 
glider, which shifts the center of gravity and, in the 
case of pod separation, makes the glider more aero- 
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dynamic. Collectively, this improves the performance 
of the glider, allowing it to glide longer and return to 
earth more slowly. A boost glider that has just ejected 
its rocket motor (with a streamer attached to it) is il- 
lustrated below. It also shows that the center of gravi- 
ty moves rearward for its glide phase. 


Boost CG 


“ Glide CG 


“to Ejected Rocket Motor with Streamer 


BOOST PHASE (rocketry) — See rocket flight phase, 
amateur. 


BORACIC ACID — See boric acid. 


BORE — The interior, cylindrical portion of a gun tube 
or mortar. Bore is used for the inside surface of the 
barrel or tube firing a projectile, for the cylindrical 
space enclosed by that portion of the tube, and for the 
internal diameter of the gun tube or mortar. 


BORE BALLOTING — (Also barreling) — The tendency 
for an under-size projectile that is fired from a 
smooth-bore cannon to wobble somewhat randomly 
along the length of the cannon barrel upon firing and 
then to follow a trajectory slightly divergent from the 
axis of the cannon. 


In fireworks: Aerial shells fired from mortars undergo 
bore balloting and often follow trajectories that di- 
verge a few degrees from the axis of the mortar, re- 
sulting in aerial shell drift. This is thought to account 
for more than half of the deviation between the ballis- 
tically-predicted and the actual trajectory of aerial 
shells. The other major contributor to this divergence 
is the Magnus force. 


BOREHOLE — See Dlast hole. 


BORIC ACID — [H3BO3] — {CAS 10043-35-3} — (Also 
boracic acid or orthoboric acid; the mineral sassolite) 


Boric acid is a weak acid useful in stabilizing moist 
compositions containing aluminum metal powder, 
especially in the presence of nitrate oxidizers (e.g., in 
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dipped sparkler compositions). It is also used as a 
green flame color-agent in ghost mines (see colored- 
flame chemistry). Boric acid is colorless as crystals 
and white as powder; it feels slightly oily to the touch. 


Characteristic (a) 


aa 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 2 mg/m’ for inhalable 
dust. 


UN hazard classification: not regulated. 


BORMANN FUSE — An adjustable time-delay fuse used 
on some US Civil War (ca. 1860) iron cannon balls. 
The fuse was developed by a Belgian artillery cap- 
tain, Charles Bormann (1796-1873). The body of the 
fuse was made of lead alloy (50% lead/50% tin) and 
screwed into position after the cannon ball had been 
loaded with its charge of granular Black Powder. The 
cannon ball (described as a 32 pounder) shown below 
was recovered during excavation near the Allegheny 
Arsenal (in Pennsylvania, US), which closed in 1901. 


Photo Credit: Fred Ryan 


In the cannon ball, the central vertical slot of the fuse 
has been damaged, probably in an attempt to remove 
the fuse to decommission the cannon ball by extract- 
ing its charge of Black Powder, prior to its burial. 


The fuse was constructed with an internal curved 
channel of compacted meal Black Powder. The chan- 
nel cannot be seen, but it is below the outer lead cov- 
ering of the fuse (beneath the numbers and scale that 
can be seen). One end of the channel had a fire hole 
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to the interior of the cannon ball. Prior to loading the 
cannon ball into the bore of a cannon, the artillery- 
man would poke a hole through the lead covering. 
This would cause the fuse powder in the channel to 
be ignited at that point when fired from the cannon. 
The selection of the point where the hole was made 
determined the time delay that would occur between 
the cannon ball being fired and its exploding. When 
the hole was made near the end of the channel, there 
would be a relatively short delay because only a short 
distance of fuse powder needed to burn before ignit- 
ing the central Black Powder charge in the fire hole. 
When the hole was poked into the channel such that 
more fuse powder needed to be burned before reach- 
ing the fire hole, there would be a longer delay. In 
this way the delay to explosion ranged from approx- 
imately 0.5 to 5.5 seconds. 


BORON -— [B] — {CAS 7440-42-8} — (Also amorphous 
boron; occurs as chemical compounds in the minerals 
borax, kernite, colemanite and ulexite) 


Boron is a non-metallic chemical element, atomic 
number 5, sometimes described as a metalloid. It is 
shiny black as crystals and dark brown as an amor- 
phous powder. Amorphous boron is used as a fuel in 
some military pyrotechnic compositions. 


Characteristic 


a) Code for reference source, see preface. 
Health information: TLV: none established. 


UN hazard classification: not regulated. 


BORON-BARIUM CHROMATE PYROLANT — (Abbre- 
viated B-BaCrQO, pyrolant) — See pyrolant. 


BORON CARBIDE — [BC] — {CAS 12069-32-8} (Also 
tetraboron monocarbide or Norbide™) 


Boron carbide is a pyrotechnic fuel and green color- 
agent. It is a ceramic solid, appearing dark gray to 
black as fine powder, with coarse powders having a 
semi-metallic luster and a crystalline appearance. The 
commonly quoted formula for boron carbide, B.C, is 
somewhat misleading. Studies find a range of struc- 
tures corresponding to formulas from B4aC to BioaC. 
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Boron carbide of composition closely corresponding 
to BsaC is manufactured industrially for use as an 
abrasive and a high-performance ceramic. 


Value 


Characteristic 


a) Depending on composition. Domalski, 1968. 


Health information: Not classified as hazardous. May 
be harmful if swallowed or inhaled. 


UN hazard classification: not regulated. 


Pyrotechnic Uses: In the late 1950s, American inven- 
tor Jerome Swimmer (1915-1996) suggested boron 
carbide as acomponent of solid propellants for rockets 
(US Patent 3,009,800). He specified stoichiometric 
mixtures of finely-divided boron carbide with ammo- 
mum nitrate, ammonium perchlorate or lithium per- 
chlorate. In 2011 Sabatini, et al. published an account 
of their work on the use of boron carbide as a green 
light emitter in pyrotechnics. This included an insen- 
sitive and ‘environmentally benign’ composition for 
a hand-held green signal light (see formulation 1 be- 
low). 


Formulation | Parts by Weight 
Ingredient | (3) 


a 


~ 


Alternatively, magnalium or aluminum metal may be 
used. 

Bound using, as needed, an unspecified non-aqueous 
binder. 

c) Bound using, as needed, a 10% solution of a cellulose 
acetate. 


b 


= 


The environmentally benign claim for this formula- 
tion is the result of it not containing a barium com- 
pound. Similar low environmental impact applica- 
tions for boron carbide have been suggested for use 
in green burning firework stars (von Maltitz, 2014); 
see formulations 2 and 3 above. 


BORON DIOXIDE — [BO."] — {CAS 13840-88-5} 


Boron dioxide is a reaction product occurring as a 
gaseous free radical in flames of compositions con- 
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taining boron or its compounds and in flames of solu- 
tions of boric acid in methanol or ethanol. The mo- 
lecular emission bands from boron dioxide produce 
the grass-green color of such flames. 


Characteristic 


BORON-POTASSIUM NITRATE PYROLANT — (Abbre- 
viated B-KNO3 pyrolant) — See pyrolant. 


BOTANY BAY RESIN — See red gum. 


BOTTLE ROCKET (fireworks) — See firework rocket 
type, basic. 


BOTTOM-FUSED AERIAL SHELL — An aerial shell in 
which the time fuse is located on the bottom of the 
shell as it is oriented in its mortar, as illustrated be- 
low in cross section. Thus, the time fuse is ignited di- 
rectly by the burning lift charge. Most small cylindri- 
cal and essentially all spherical shells are bottom 
fused. This method of fusing contrasts with that used 
on top-fused aerial shells. 


(Leader) 


Shell Case 


-—— Stars and 
Break Charge 


Time Fuse 


Lift Charge 


BOTTOM-FUSED MORTAR - A type of firework mor- 
tar fusing wherein the fuse used to ignite the lift 
charge passes directly through the wall of the mortar 
at a point just above the top of the mortar plug. This 
style of fusing is in contrast with top fusing wherein 
the fuse protrudes from the top of the mortar and runs 
down the inside length of the mortar to below the aer- 
ial shell or other firework device to be propelled. Top 
fusing of mortars is commonly used for large caliber 
display fireworks and reloadable consumer firework 
shells. 
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Bottom fusing of mortars can be used when there is 
only one tube, as in larger caliber, preloaded aerial 
consumer devices, illustrated below in cross section. 


Top Disc 


Solid Pressed 
Comet Star 


Fuse ——> 
Lift Charge 


Bottom fusing of mortars is almost universally used 
in small-caliber, multiple-tube devices that are chain 
fused to ignite many tubes in sequence from a single 
ignition. Such fireworks have become important in 
both consumer and display fireworks. An example of 
a multiple-tube consumer firework, with its bottom 
chain fusing visible, is shown below after the item’s 
paper wrapping was removed. 


One advantage of bottom fusing is that it uses less 
fuse than fusing from the top of each mortar, where it 
is necessary for the fuse to run the entire length of 
each mortar tube to reach the lift charge. Another and 
more important advantage is that the fuse is better 
protected from damage and premature ignition. 


There are several methods of bottom chain fusing. 
These can be described as either being in series or in 
parallel. In parallel fusing, individual short lengths of 
fuse enter the lift chamber of each tube. Each of these 
fuses is joined to a second length of fuse that runs 
alongside the bottom of the tubes and caries fire to 
each short fuse length entering the lift chambers. Fus- 
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ing method 1 (discussed below) is an example of par- 
allel fusing. With parallel fusing, if one tube fails to 
fire, that is unlikely to have any effect on the firing of 
the remaining tubes. 


In one type of series fusing, at least one pair of short 
lengths of fuse enters and exits the lift chamber of 
each tube in a chain to ignite its lift charge and carry 
fire to the next tube. Fusing method 2 (discussed be- 
low) is an example of this type of series fusing. In 
another type of series fusing, a single long length of 
fuse connects all the tubes. Fusing methods 3 and 4 
(discussed below) are examples of this type of series 
fusing. With series fusing, if any fuse becomes extin- 
guished along its length, the rest of the device will 
not fire. 


The illustrations that follow are transverse cross sec- 
tions through the mortars just above their plugs at the 
point of fuse entry and viewed from above. 


Bottom fusing method 1 (parallel): With this ar- 
rangement, a single unbroken length of fuse runs 
along the row of tubes and has a short piece of fuse 
spliced to it that extends into each mortar tube to ig- 
nite the lift charge in each tube. 


Mortar Tube ] Mortar Plug 


Parallel Fuse 


Splice 


The difficulty with this method of chain bottom fus- 
ing can be making the splices. This is labor intensive; 
the splices need to be reliable in taking ignition from 
the main fuse. They need to be well-protected from 
sparks and burning lift gases to prevent premature ig- 
nitions. An example of this type of fusing, common in 


=a pelos as 


In this photograph, A is the input leader fuse that car- 
ies fire to the first tube and another length of quick 
match (B) that extends to the right and left above. As 
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this second length of quick match passes each row of 
tubes, it is perforated and some strands of black 
match (C) are inserted through the quick match and 
into the tube behind it. In this way, all the tubes on 
this end of the rows are ignited at almost the same time. 


Bottom fusing method 2 (series): With this arrange- 
ment each mortar is ignited by a length of fuse that 


extends from the previous adjacent mortar. This fus- 
ing requires that short pieces of fuse be cut and in- 
serted into holes in the mortar wall so that the burn- 
ing lift charge of one mortar will ignite the fuse lead- 
ing to the next mortar. This requires that each mortar 
(except the last in the series) must have two holes 
(for two fuses) punched in its wall, as illustrated be- 
low in cross section. If a tube does not have any lift 
charge or if the lift charge fails to ignite, subsequent 
firings are very unlikely to occur because fire may 
not be communicated between the cut ends of the 
fuse links. 


Mortar ae 2 Mortar Plug 


a Series Fuse Link 


An example of a large consumer firework using this 
type of bottom chain fusing is shown below. 


The view is as seen from the bottom of the device af- 
ter removing its outer paper wrapping. Some of the 
fuse links are identified by the yellow arrows. This 
fusing method tends to be used for items in which the 
individual mortars are separated somewhat from one 
another. 


The inherent fault of this method of chain fusing is 
that it requires a type of fuse that is reliably ignited 
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by the burning lift charges. For this the reason, visco 
fuse cannot be used in this style of fusing without 
well-priming the ends of the individual fuse links. An 
example of the type of fuse commonly used for this 
method of fusing is shown below. It is composed of 
three strands of Chinese tissue-paper fuse held to- 
gether with a sparse wrap of threads and takes fire 
readily by side ignition. 


cs ee a a 
The problem with easily using side-ignited fuse is 
that, with all the sparks and burning lift gases escap- 
ing through the fuse holes in the mortars as they fire, 
this type of fuse can ignite in unintended locations, 
which will result in erratic and accelerated firing 
rates. In turn, this can increase the potential for the 
item to tip-over while firing. 


Bottom fusing method 3 (series): With this arrange- 


ment each mortar is ignited in turn by a single length 
of fuse that extends from mortar to mortar. One way 
in which this is accomplished is through a pair of 
holes punched in opposite sides of each mortar, as il- 
lustrated below in cross section. 


Mortar Tube ] Mortar Plug 


Series Fuse 


An example of this type of fusing is shown below. 
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On the left is a portion of one row of mortars from 
the device. On the right, some of the individual tubes 
have been separated from one another to show the 
fusing more clearly. This method of fusing tends only 
to be used for items in which the individual mortars 
are in immediate contact with each other. 


This fusing technique is perhaps quicker to assemble 
and would seem to be less likely to fail, providing the 
chosen fuse provides ample side-spit to ignite the lift 
charge. The time between the individual firings is po- 
tentially somewhat increased as compared to the 
types of fusing discussed previously. This is because 
it the fuse may need to burn the entire length of the 
diameter of the individual mortar tube before firing 
the next tube in the series. In practice, if all the holes 
are aligned and the mortars are reasonably close to- 
gether, such items may fire extremely rapidly. When 
this happens, the rapid firing is the result of the 
sparks and burning lift gases from one mortar jetting 
out its second fuse hole and into the adjacent mortar’s 
fuse hole, thus bypassing the connecting fuse alto- 
gether. 


Bottom fusing method 4 (series): An alternative to 
method 3 uses a single length of fuse that is inserted 


into a single larger hole in the bottom of each mortar. 
A feature of this method is that the timing between 
shots is somewhat increased. This method is illustrat- 
ed below in cross section. 


Mortar waa Mortar Plug 


L Series Fuse 


BOTTOM SHOT — Typically a powerful report (i.e., sa- 


lute), which is the last break in a multibreak shell. In 
a multibreak shell of typical construction, when load- 
ed in a mortar, the last break (i.e., the salute) will be 
on the bottom (i.e., the lowest of the breaks), as illus- 
trated farther below in cross section. 


BOUCHON - (French: something that goes into the 


mouth of a container, e.g., a cork or stopper) A term 
frequently applied to a removable hand grenade fuze. 


BOUNCE — An effect produced at the very end of the 


burning of a fountain or gerb, in which the fountain 
burns especially forcefully for a second or less. This 
is usually accomplished by loading the last increment 
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Spolette 


Powder Core 


> Intermediate 
Spolettes 


Salute 
Powder 


Bottom 
Shot 


of the device with an extra fiercely-burning composi- 
tion, often a small charge of granular Black Powder. 
The last increment of a device to burn may be the 
first to be loaded during manufacture. Bounce may 
also denote a small explosive noise produced at the end 
the burning of a fountain or gerb. While it was once 
common to include a bounce in commercially- 
produced fountains and gerbs, it is rarely done today. 


BOUNDARY LAYER -— The thin layer of fluid (e.g., air) 
in the immediate vicinity of a surface moving relative 
to the fluid. In fluid mechanics, it is the layer affected 
by the viscosity of the fluid. The fluid in the bounda- 
ry layer may exhibit either laminar flow or turbulent 
flow, as explained below. 


In aerodynamics, the boundary layer refers to the part 
of flow that is closest to an aerial shell’s or rocket’s 
surface, or the surface of a wing or fin, as illustrated 
below in cross section. The concept of a boundary 
layer allows for simplification of fluid flow equations 
by dividing the flow into two areas: 1) the area inside 
the boundary layer, where viscosity dominates and 
most of the drag is created, and 2) the area outside the 
boundary layer where viscosity becomes negligible. 
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Boundary Layer 


Velocity 
Distribution 


A factor in determining whether the flow within the 
boundary layer will be turbulent or laminar is the cor- 
responding Reynolds number. At high Reynolds 
numbers (greater than 10°) the boundary layer will be 
turbulent. At lower Reynolds numbers (less than 10°) 
the boundary layer will be laminar. At intermediate 
Reynolds numbers (between 10° and 10°) the bounda- 
ry layer may be either laminar or turbulent depending 
on surface conditions and shape. Smooth surfaces al- 
low the boundary layer to remain laminar better than 
rough surfaces. 


The thickness of the boundary layer is typically 
measured from the surface to the point above the sur- 
face where the relative velocity of the fluid flow be- 
comes constant. An attempt to compare the relatively 
thin boundary layer for /aminar flow with that for 
turbulent flow is illustrated below. 


Turbulent Flow 


Laminar Flow 


Distance above Surface 
Boundary Layer — 


Distance above Surface 


Boundary 
Layer 


Fluid Velocity 


Fluid Velocity 


The boundary layer may include only the laminar flow 
area very close to the moving object, or it may include 
both laminar and turbulent flow areas. In most cases, 
it includes only a thin layer very close to the moving 
object. Laminar flow has much lower shear stress 
than turbulent flow, and, in most cases, one attempts 
to maintain laminar flow to the highest relative fluid 
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velocity values as possible. There are, as in most are- 
as of engineering, exceptions to this. One classic ex- 
ception is the dimpling of golf balls to induce turbu- 
lent flow at lower velocities and thus decreasing drag 
and increasing the range of the golf ball. 


BOUQUET - In fireworks, this description is used in 
two different ways. 


In aerial shells: A bouquet can be an array of relative- 
ly small shell bursts, often of different colors, all per- 
forming rather close to one another in time and space, 
to somewhat simulate a bouquet of flowers. Most 


commonly, either a large-caliber shell of shells or a Photo Credit: Eldon Hershberger 
firework barrage of shell firings (shown below) is 
used to present the array of small shells. BOUQUETTE — See bucket. 


BOW SHOCK - See shock wave (rocketry). 


BOW-TIE SHELL — A shell in which the stars are ex- 
pelled as groups in opposite directions, producing a 
display reminiscent of a bowtie (apparel). Some but- 
terfly shells produce a display that is virtually identi- 
cal to a bow-tie break. An example of a color-star, 
bow-tie break is shown below. 


Photo Credit: Tom Calderwood 


In ground displays: A bouquet can be a firework as- 
sembly consisting of two or more fountains, mines, 
Roman candles or other devices arranged in a fan- 
like or other pattern and fired to produce an integrat- 
ed display, as shown below. 


Photo Credit: Eldon Hershberger 


Using color stars: Bow-tie breaks using color stars 
may be produced using either spherical or cylindrical 
shells. In a spherical shell, typically the stars will be 
positioned to line a pair of opposite-facing cone- 
shaped forms placed within the spherical casing. 
When the shell explodes, the stars will be propelled 
in opposite directions. In a cylindrical shell, the walls 
of the shell will be strongly constructed while the two 
ends are left relatively weak. In addition, the stars 
will usually be placed primarily toward the ends of 
the shell with the middle portion of the shell filled 
with the break charge. In this way, the stars will be 
propelled in opposite directions from the ends of the 
shell. It is possible that thin, tagboard separators (or 
end plugs) may be used to maintain the separation be- 
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tween the stars and break charge, thus making this a 
type of compartment shell. 


If the intention of the maker of a cylindrical shell is 
to achieve a relatively symmetrical break, but instead 
the break is a bow-tie break, this is evidence that the 
shell construction or design is flawed. 


Using comet stars: Bow-tie breaks using comet stars 
can be made as described above for color stars. If the 
stars produce dense, long-lasting spark trails, the 
bow-tie break can be accomplished more easily and 
with fewer stars, relying on the spark trails to fill in 
the effect. For example, consider one-half of the 
spherical shell shown below (left) in the process of 
being assembled. 


| fi a in 
i 


Photo Credit: Dan Chubka 


In this case, the small collection of glitter stars placed 
in the bottom of one of the shell’s hemispheres is all 
that that is needed to make one half of the bow-tie 
break, shown on the right above. The other hemi- 
sphere is loaded with stars in the same way, and then 
the shell is tightly filled with rice-hull break charge. 

BOXED FINALE -— See finale box. 

BOXER PRIMER - See primer, small-arms. 

BOX FOUNTAIN — See fountain type. 

BOX STAR -— See star manufacturing. 

BOYLE’S LAW — See gas law. 

BP — Abbreviation for Black Powder. 


bp — Abbreviation for boiling point temperature. 


BPA — Abbreviation for the British Pyrotechnic Asso- 
ciation. 


BRANCHING SPARK - See spark, branching. 
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BRANCH LINE -— A length of detonating cord or shock 
tube that connects the trunk line to individual charges. 


BRASS — A range of alloys composed of copper and 
zinc, ranging from less than 20% zinc to at least 40%, 
depending on the desired ductility and strength. 


Brass is a non-sparking metal (i.e., it is incapable of 
producing incendive sparks as the result of mechani- 
cal action). For this reason, implements and tools 
made from brass are often used in pyrotechnic manu- 
facturing. 


Historical: In 1859 the French pyrotechnist Paul 
Tessier wrote that very fine brass powder could be 
used to make blue fires, but it was hardly ever used 
for that purpose. He wrote that brass filings could be 
used in pinwheels to make a fire that he described as 
‘radiant, dense and a little confused’. A small amount 
of brass added to a mixture of Black Powder and 
powdered zinc acted in some way as a fuel, while the 
burning zinc produced either a blue flame or blue 
pearls. Examples of Tessier’s pinwheel compositions 
that included brass are presented below. 


Formulation —| Parts by Weight 
ingredient | 


Tessier wrote that his attempts to use other materials 
in place of brass to produce these effects were always 
unsuccessful. Despite this, brass is not commonly 
used today. 


BRASSARD - (Also friction pad) — A piece of thick 
cardboard or similar material, having a match striker 
(surface) and provided with means (usually a length 
of strong cloth tape or ribbon) for attaching it to the 
forearm, so that the match striker surface can be used 
to ignite friction-ignited pyrotechnic devices. A label 
for a brassard is shown below (left). 


HAND GRENADE 


TO IMITATE SHELL BURST 
Tear off paper capsule by pulling on the 
tape. Strike exposed black surface firmly 
across brassard. Throw Grenade at once 
to point at which shell burst is required. 
Manufactured by 
Phoenix Fuse Igniters & Flares Pty. Ltd., 
Hawthorn, Victoria, Australia. 


Phoenix Fireworks Co. Pty, Ltd, 


BRASSARD 


For striking Friction Ignition Fireworks 
KEEP SEPARATE. Do not put 


in any receptacle containing Fireworks 


Brassards were part of a British soldier’s kit of 
equipment during the World War I. They were still in 
use in the 1970s, particularly during training exercis- 
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es where they were used to ignite hand-thrown gre- 
nades that simulated shell bursts. A label from such a 
grenade, in which the use of a brassard is mentioned, 
is shown above (right). 


BREAK (fireworks) (adjective) — Can describe the na- 
ture of a shell. For example, a single-break shell has a 
single internal compartment and produces a single 
shell burst; a multibreak shell has multiple (or stacked) 
compartments and produces multiple shell bursts. 


BREAK (fireworks) (noun) — An individual functioning 
compartment in an aerial shell. Break is sometimes 
also used as a shortened version of the term break 
charge, which is the pyrotechnic composition used to 
cause an aerial shell or rocket heading to explode. 


A shell break typically produces a visual display of 
stars (shown below, left), noise (i.e., the loud sound 
of an explosion) or the release other smaller devices 
that perform independently (shown below, right). 


Photo Credit: Eldon Hershberger 


BREAK (fireworks) (verb) — To burst (i.e., to explode) 
an aerial shell, crossette comet or other similarly ex- 
ploding firework. 


BREAKAWAY GLASS and BREAKAWAY RESIN — (AI- 
so candy glass) — A special, low-melting thermo- 
plastic that, after melting on a steam table or in a 
double boiler, can be cast into a wide variety of 
shapes or objects. This resin is used to create items 
such as breakaway bottles and window glass for use 
in movies and television programs. Breakaway resin 
shatters relatively safely and does so in a realistic- 
appearing fashion. After use, the fragments of resin 
can be collected and reused. Breakaway resin is typi- 
cally polyalpha-methylstyrene. 


While props made of breakaway resin are much less 
dangerous than their glass counterparts, injuries from 
the broken pieces, such as lacerations, are still possi- 
ble. Accordingly, after a breakaway resin prop has 
been smashed, if an actor is to have contact with the 
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fragments, it is common to substitute rubber glass 
fragments for the breakaway resin fragments. 


BREAK CHARGE - (Also burst charge or expelling 


charge) — The charge of pyrotechnic composition 
used for bursting an aerial display shell, crossette 
comet or other similarly exploding firework. Com- 
monly used break charges include granular Black 
Powder, rough Black Powder (1.e., polverone), rice- 
hull powder, flash break, H3 powder and whistle 
break. 


The amount and brisance of the break charge used, in 
conjunction with the strength of the shell’s casing are 
critical to the proper performance of an aerial shell. If 
too powerful a break charge is used, blind effects 
may result. If too weak a break charge is used, a less 
than adequate burst spread will result. When the 
break charge is positioned in the center of the shell 
with the stars surrounding it, this may be referred to 
as a core-break charge. Core-break charges are used 
when a symmetrical spread of stars or other effects 
are to be produced. 


BREAK CHARGE BOOSTER - A small charge attached 


to the inside end of a firework aerial shell’s time fuse, 
intended to achieve a more intense ignition within the 
aerial shell than would otherwise be provided by the 
end-spit of the time fuse. The explosive used for such 
boosters may consist of granular Black Powder but 
can also be whistle composition or a weak flash pow- 
der. Booster charges have also been used when mak- 
ing salutes using a flash powder composition contain- 
ing atomized aluminum, where ignition of the flash 
powder is somewhat more difficult than when using 
flash powder containing dark or flake aluminum. 


Boosters achieve a more reliable ignition of the con- 
tents of aerial shells, but they are not necessary in 
most shells, especially if the time fuse is cross 
matched on the inside of the shell. Another potential 
advantage of using a booster charge is that the break 
(i.e., explosion) of the shell will typically be more 
powerful than without it. This can allow the use of a 
less strong shell casing, which may correspond to 
significantly reducing the number of layers of pasted 
paper needed to achieve a properly powerful and 
symmetric shell burst. It may also permit somewhat 
less break charge to be used in a shell. 


BREAKDOWN POTENTIAL — See dielectric strength. 


BREAKING PAPER — A process wherein paper being 


prepared for aerial shell pasting or other uses is sof- 
tened to conform better to the shape necessary for the 
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proper operation of the device. This is commonly ac- 
complished by coating the paper with a film of paste, 
and then crumpling the paper into a tight ball. The 
paper is used by un-crumpling the ball and applying 
it to the device. 


BREAK OF COLOR — See color break. 


BREECH — The portion of a device that closes one end 
of an otherwise open tube, such as in an artillery 
piece. The breech may be fixed or moveable. The op- 
posite end of the tube (from the breech) is the de- 
scribed as the muzzle. 


BREECH BLOCK — A movable steel block that closes 
the rear part of the gun barrel in a firearm. 


BRICK, FIRECRACKER - See firecracker brick. 


BRIDGE WAVE — Mach waves caused by the interaction 
of two shock waves to form a third shock wave that 
bridges the volume between the two original waves. 


BRIDGEWIRE — The resistive element in an igniter that 
converts electrical energy into thermal energy to ig- 
nite a pyrotechnic composition. 


A bridgewire is a critically important part of an elec- 
tric match or an electroexplosive device. It is a thin 
wire (typically high-resistance wire such as Ni- 
chrome™) that either heats up or melts (i.e., fuses) 
when an electric current is applied. The resulting heat 
ignites a small amount of explosive or pyrotechnic 
composition in contact with the bridgewire. The 
amount of electrical energy and rate of its delivery 
differentiates between a hot-wire igniter and an ex- 
ploding bridgewire detonator. 


The three most common arrangements for the 
bridgewire used in electric matches are illustrated be- 
low in cross section. 


ee Bridgewire 


Insulating 
Substrate 


Copper 
Cladding 


Type 1 
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Type 3 


Types 1 and 2 are shown only in cross section. They 
each consist of a thin strip of a suitable insulating 
material (e.g., a piece of printed circuit board) having 
two opposite faces coated or clad with copper. Each 
type has a bridgewire wrapped over its end. One end 
of the bridgewire is soldered to the copper cladding 
on one side of the strip, and the other end of the 
bridgewire is soldered to the copper cladding on the 
other side. In this way the bridgewire forms an elec- 
trically-conductive path between the copper cladding 
on either side of the strip. The difference between the 
two types is that in Type 2, the copper cladding on 
one side of the insulating strip has been milled away 
to expose more of the bridgewire and to allow the 
match composition to surround the bridgewire more 
completely. In contrast to Types 1 and 2, Type 3 has 
the bridgewire supported between two brass (or other 
metal) poles and held in place by crimping the brass 
poles over the bridgewire. 


The same three bridgewire configurations, as electron 
micrographs, are shown below, with Type 1 at the 
top, Type 2 in the middle and Type 3 at the bottom. 
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BRIGHTNESS — (Symbol: B) — A measure of visual 
luminous intensity (1) of any surface (a) in a given di- 
rection per unit of projected area of the surface as 
viewed from that direction. 


B= # (cos 0) 
da 
Here, @ is the angle between the direction of observa- 
tion and that normal (i.e., perpendicular) to the surface. 


Brightness is the attribute of visual perception in which 
an area appears to emit more or less light. The unit of 
luminous intensity or luminous flux is the /umen. 


BRIGHT RED PHOSPHORUS -— See phosphorus (scar- 
let phosphorus). 


BRIGHT (firework composition) — A now rare or obso- 
lete term once used to distinguish firework composi- 
tions that contained no potassium chlorate from those 
that that did. Its use is exemplified by Alan St. Hill 
Brock (Brock, 1922) stating that their firework facto- 
ry was essentially divided into two. One side, in 


Encyclopedic Dictionary of Pyrotechnics 


which potassium chlorate was present, was known as 
the ‘Colour Side’. The other side, where no potassi- 
um chlorate was allowed, was known as the ‘Bright 
Side’. This differentiation was because, in 1894 in 
the UK, it became unlawful to use mixtures that con- 
tained potassium chlorate and certain other materials 
(notably sulfur and sulfides) in fireworks. To ensure 
compliance and for reasons of safety, it became 
common practice to separate completely operations 
involving potassium chlorate from those that did not. 


BRIGHTWORK — (Also bright work) — A now rare or 


obsolete term once used informally in the US, with a 
confusing range of different meanings. To some, 
brightwork includes a wide range of fireworks, en- 
compassing all ground level firework devices, even 
including some low-level items such as Roman can- 
dles. To others, the term is limited to ground displays 
using gerbs attached to frameworks to produce pat- 
terns from their jetting sprays of silver (bright white) 
sparks (as shown below). 


For still others, brightwork is simply another name 
for lancework. Given this multiplicity of meanings, it 
is understandable that the term is almost never used 
today. 


BRILLIANT (fireworks) — See aerial shell name and 


description (specific). 


BRILLIANT FIRE — A once used term for any composi- 


tion, used mainly in fountains and gerbs, that in- 
cludes steel filings or steel turnings as the principal 
spark-producing agent. Steel produces brighter sparks 
than does iron, but the sparks do not scintillate to the 
same degree as those produced by cast iron. (See 
spark branching for a photograph.) Brilliant fire was 
often contrasted with Chinese fire, and the term no 
doubt seemed appropriate at a time before aluminum, 
magnesium or titanium sparks were being produced. 
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Like Chinese fire, brilliant fire requires that the steel 
powder be protected from corrosion. This was com- 
monly accomplished using a drying oil such as lin- 
seed oil or using molten paraffin wax. The use of un- 
treated iron or steel results in fountains and gerbs 
with a short shelf life, perhaps measured in days. 


Brilliant fire was also used in wheel drivers and in 
pinwheels. Formulations for some brilliant fire com- 
positions are presented below. 


1) Davis, 1943. 2 & 3) Weingart, 1947. 
4) Kentish, 1905. 


The combination of steel powder and iron powder (or 
filings) in formulation 4 produces both elaborately 
scintillating sparks (from the cast iron) as well as 
brighter sparks (from the steel). 


BRILLIANT OIL YELLOW — See oil yellow. 
BRIMSTONE — See sulfur. 


BRISANCE — The shattering ability of explosives. It 
roughly correlates to the speed of the reaction front or 
detonation velocity. High explosives have much 
greater brisance than low explosives. Brisance is not 
directly quantifiable; the Trauzl Block test (see ex- 
plosive output test) produces results that correlate 
with the concept of brisance. 


BRISANT — The adjective applied to an explosive that 
exhibits a high degree of brisance. 


BRITISH FIREWORK CATEGORY — See firework 
classification (UK). 


BRITISH GUM — See dextrin. 


BRITISH PYROTECHNIC ASSOCIATION — (Abbrevi- 
ated BPA) — A trade association concerned with all 
aspects of firework safety and use in the UK. The or- 
ganization recently split into retail and display sec- 
tions. For more information visit their web site: 
www.bpa-fmg.org.uk 
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BRITISH STANDARDS INSTITUTION STANDARDS — 
(Abbreviated BSI Standards) — BSI Standards is the 
UK’s National Standards Body (NSB) and was the 
world’s first. Part of BSI Group, BSI Standards has a 
close working relationship with the UK government 
and works with manufacturing and service industries, 
businesses, governments and consumers to facilitate 
the production of British, European and international 
standards. BSI Standards has 31,000 current stand- 
ards. For more information see: www.bsigroup.com 


BRITTLE — Description for a material that undergoes 
little or no plastic deformation before fracturing. It is 
relatively easy to fracture (and thus to pulverize) brit- 
tle materials, because little energy is wasted in plastic 
deformation. The 50:50 alloy of magnalium, which is 
often used in fireworks, is an especially brittle metal, 
which facilitates the production of magnalium pow- 
ders of small particle size by pulverizing the bulk ma- 
terial. 


BRITTLE POINT — The temperature at which a compo- 
sition or compound becomes too brittle to be used for 
a specific purpose. For a plastic (such as used as a 
component of a solid propellant) this is usually when 
the material changes from a flexible to a brittle struc- 
ture, which usually also involves a change in physical 
dimension. 


BROCADE EFFECT — A firework effect named from 
the richly decorated, shuttle-woven fabric used to 
make sumptuous garments for royalty and the nobili- 
ty in the middle ages and later. Brocade was typically 
made from silk and often had silver and/or gold 
threads woven into its fabric. 


In fireworks, brocade is commonly used to describe 
the lacy trails of sparks from some comet (1.e., chry- 
santhemum) stars. These stars contain  spark- 
producing materials such as aluminum, titanium, iron 
and steel, or their alloys. They typically produce 
spark trails that hang in the air for a few seconds after 
the star itself has become extinguished. 


brocade crown — A chrysanthemum shell with stars 
that produce bright yellow-gold and silver spark 
trails, and that burn long enough for their trajectories 
to droop noticeably at the end of their flight. On oc- 
casion, a yellow glitter effect may be produced in- 
stead of bright yellow-gold and silver spark trails. 


brocade peony — A shell similar to a brocade crown 
except that the stars burn more quickly and do not 
droop as they do in a brocade crown shell. 
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BROCADE KAMURO SHELL -— See aerial shell name 
and description (specific). 


BRONZE — A range of alloys, traditionally composed 
of copper and tin, ranging from | to 10% tin, depend- 
ing on the desired ductility and strength. Such alloys 
have been used since ancient times. More recently 
(since the 1940s) a range of copper-based alloys con- 
taining 9-12% aluminum and up to 6% iron and 
nickel have been designated ‘aluminum bronze’. Un- 
less preceded by the word ‘aluminum’, ‘bronze’ re- 
fers to the traditional range of copper-tin alloys. 


Bronze is a non-sparking metal (i.e., incapable of 
producing incendive sparks as the result of mechani- 
cal action). For this reason, implements and tools 
made from bronze are often used in pyrotechnic 
manufacturing. 


Bronze powders have long been manufactured by a 
method similar to that used to make fine-flake alumi- 
num powder. (See aluminum powder manufacturing 
method.) Bronze powders are also like flake alumi- 
num in physical properties (other than color), alt- 
hough they are clearly not as reactive. It is reported 
that when certain flake bronze powders are incorpo- 
rated into Black Powder-type stars, they can produce 
attractive, yellowish-orange sparks, but without more 
detailed information one cannot be sure exactly what 
‘bronze powder’ is appropriate for this purpose. 


Historically: The name ‘bronze powder’ originally re- 
ferred to a gold metallic pigment that was made from 
brass. Over the years various other metals and alloys 
have been subjected to the same process and sold as 
pigments. Such products may be described as “bronze 
powder’ despite containing no bronze. The most con- 
fusing example of this occurred when, in the early 
1890s, aluminum was subjected to the ‘bronze pow- 
der’ process to make a silver pigment. This was sold 
as ‘aluminum bronze powder’, meaning ‘bronze 
powder’ made from aluminum. Some early recipes 
for pyrotechnic compositions containing fine flake 
aluminum specify ‘aluminum bronze powder’, which 
a modern reader might logically, but erroneously, in- 
terpret as ‘powder made from aluminum bronze’. If 
any so-called ‘bronze powder’ is specified to be used 
in pyrotechny, care needs to be taken to state the de- 
tailed specifications (including chemical composi- 
tion, particle type and particle size) of the “bronze 
powder’ and preferably also to specify its source. If 
this is not done, it is likely that attempts to duplicate 
the composition will lead only to disappointment. 


BROWN CHARCOAL - See charcoal type. 
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BROWN COPPER OXIDE — See copper(I) oxide. 
BROWN LEAD OXIDE - See /ead(IV) oxide. 


BROWN POWDER and BROWN PRISMATIC POWDER 
— See powder type (brown powder). 


BRUCETON METHOD - See sensitiveness test proto- 
col. 


BRUGERE’S POWDER - See powder type (picrate 
powder). 


BRUJA — See torpedo, firework. 
chloride— 


BRUNSWICK GREEN -See copper(II) 
copper(II) hydroxide (1/3). 


BS — Abbreviation for the British Standard. 


BSI STANDARDS — Abbreviation for the British 
Standards Institute Standards. 


BUCKET — (Also bokette or bouquette) — A thin-walled 
paper tube, often composed of one or two wraps of 
kraft paper, commonly used to make connections be- 
tween two or more pieces of quick match. 


Usually, buckets are approximately 3/4 inch (19 mm) 
in diameter and 3 inches (76 mm) in length. As a 
matter of convenience, coin wrappers (available from 
banks) are sometimes used as buckets. The ends of 
the quick match, with approximately one inch (25 
mm) of exposed black match, are inserted into the 
bucket. It is then tied tightly on each end, securing 
the bucket and quick match together. For greater 
strength, the ends of the black match may be tied to- 
gether before covering them with a bucket. 


In the example shown below, a single input length of 
quick match on the right is coupled to three output 
lengths of quick match with the use of a bucket. 


yaeaftaed testis EE 
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Buckets are commonly used in chain fusing aerial 
shells, using a bucket chain. 


BUCKET CHAIN — A combination of short lengths of 
quick match and buckets, useful in chain fusing aerial 
shells, such as in making a finale chain. Bucket 
chains can be purchased ready to use, or they can be 
constructed as shown in the series of photographs be- 
low. First, several short lengths (approximately 12 
inches, .3 m) of quick match are prepared. (See fuse 
cutting, pyrotechnic.) Approximately 1-inch (25-mm) 
lengths of black match are exposed on each end of 
these lengths by tearing or cutting off the paper 
match pipe. 


| 


Next, one short length of quick match is inserted into 
one end of a bucket (e.g., a coin wrapper) and tightly 
tied using string or cable ties. Nothing is inserted in 
the other (i.e., open) end of the bucket at this time; 
when chain-fusing, the end of a shell’s leader fuse 
will be inserted into that open end and tied in place. 
The opposite end of the length of quick match and a 
second piece of quick match are inserted into one end 
of a second bucket and tightly tied, as shown below. 


This process is continued until an adequate number 
of attachment points (i.e., buckets) have been includ- 
ed in the chain (one bucket for each shell to be in- 
cluded in the chain.). As shown below, there is a ter- 
minal end with a bucket and only one length of quick 
match in it (A) and on the other end (B), a short piece 
of exposed black match will be covered with a safety 
cap, or the fuse chain can be terminated with an elec- 
tric match. 
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2 ae _ 
See chain fusing method for how the bucket chain is 
used with aerial shells. 


Aerial shells that are fired using bucket chains may 
fire somewhat more slowly if only spliced quick 
match is used, as described as method 1 in chain fus- 
ing methods. This slowing, if it occurs, is the result of 
the closure of the fire path of the quick match along 
its length because of the many tightly tied strings 
around the quick match. (See quick match, method of 
slowing.) The slowing of the firing of bucket chain 
fused shells is often desirable, especially for finales, 
where too rapid firing is thought to be detrimental to 
the overall effectiveness of the finale. 


BUFFER (chemical) — A mixture of substances used to 


maintain the pH (i.e., the acidity or alkalinity) of an 
aqueous solution at a desired level. Buffers commonly 
consist ofa mixture of a weak acid and one of its salts. 


In pyrotechnics: Although sometimes referred to as a 
buffer for aluminum containing compositions, the 
very weak acid, boric acid [H3BO3] alone, without 
the presence of a borate (i.e., a salt of boric acid), acts 
only as an acidifier. The boric acid helps ensure that 
wet mixtures containing nitrates and aluminum metal 
do not become alkaline due to an adverse reaction 
that produces ammonia. If a weak acidifier is not 
used, such mixtures can be subject to serious self- 
heating that has resulted in fires and explosions. This 
weak acidifying action of boric acid is important in 
the commercial manufacture of sparklers. 


BUFFETING — See flutter. 


BUILDING TYPE — In the US, the buildings on or near 


a pyrotechnic or explosive manufacturing facility are 
commonly designated by the type of activity occur- 
ring within them. There are usually guantity-distance 
requirements (i.e., separation distance requirements), 
and often construction requirements for various 
buildings, depending on their usage. 
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inhabited building —Buildings or structures that 
are occupied frequently by humans; for example, any 
church, school, store or structure where people regu- 
larly assemble. Any building occupied in conjunction 
with the manufacture, storage, distribution or use of 
pyrotechnics or explosives is not considered to be an 
inhabited building for regulatory purposes. 


magazine — See magazine, explosive. 


mechanical building — A building used for me- 
chanical or electrical equipment such as compressors, 
heating units and ventilation systems. Mechanical 
buildings are often attached to process and non- 
process buildings. 


mixing building — (Also mix building) — A build- 
ing used primarily for the mixing or blending of py- 
rotechnic or explosive materials. A mixing building 
is a type of process building (see below). 


non-process building — Any office building, ware- 
house or other building at a pyrotechnic facility in 
which no pyrotechnic or explosive materials are ever 
present. 


occupied building — Any building on a pyrotechnic 
or explosive site that is occupied frequently, includ- 
ing any process building, non-process building, stor- 
age building or magazine. 


process building — Any building or structure in 
which pyrotechnic or explosive materials are pre- 
pared or processed, including mixing and finishing 
operations. 


shipping building — Any building used for the 
packaging of assortments of display fireworks into 
shipping cartons for individual firework displays. A 
shipping building is also used for loading packaged 
displays into vehicles for shipping. Shipping build- 
ings are differentiated from magazines only to the ex- 
tent that open cartons are allowed in them and work, 
to the extent required to accomplish the packing and 
loading, is permitted. Other work, such as manufac- 
turing or modifying fireworks, is not permitted in a 
shipping building. 


storage building — A building in which consumer 
fireworks or model rocket motors are kept, in any 
stage of processing, but in which no processing or 
manufacturing is performed. 


unoccupied building — Any building in which per- 
sons do not regularly or routinely enter during the 
workday. For example, an unoccupied building may 
be used for long-term storage of non-pyrotechnic ma- 
terials. The necessity for using some existing build- 
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ings as unoccupied buildings may be the result of 
changes in required separation distances at the manu- 
facturing plant. Unoccupied does not mean that a per- 
son is never allowed to enter the building, even brief- 
ly, only that it is not a place of work (even non- 
pyrotechnic work) or habitation. 


warehouse — A non-process building used exclu- 
sively for non-pyrotechnic and non-explosive stor- 
age. 


BULK DENSITY — See density. 


BULKHEAD - A partition used to separate compart- 


ments in a model or high-power rocket. Bulkheads 
may be used to provide attachment points for para- 
chutes, shock cords or other devices. They also are 
sometimes used to provide additional strength for the 
rocket’s airframe. A bulkhead may be made of paper, 
wood, plastic or other materials. 


In more sophisticated rockets, bulkheads can also be 
important in protecting electronic components (e.g., 
altimeters) from the corrosive effects of Black Pow- 
der and other pyrotechnic ejection charges. In that 
case, to be fully effective, the bulkheads must be gas 
tight. 


BULKING AGENT — A component that increases the 


volume of a given weight of composition. A bulking 
agent may be used simply to increase the volume of 
the composition, such as to solidly fill the central 
volume of a spherical aerial shell with break charge. 
Use of a bulking agent will usually alter the composi- 
tion’s burn rate, which can be increased or decreased 
depending on the nature of the composition and bulk- 
ing agent. When the bulking agent introduces or 
maintains fire paths through the volume of a compo- 
sition propagating convectively, overall burn rate of 
the composition will be increased and may be in- 
creased substantially. To the contrary, when the bulk- 
ing agent acts primarily as a diluent, burn rates will 
be reduced. 


Bulking agents in the form of bran, rice hulls or saw- 
dust may be used with flash powder, especially in 
large devices. An addition of 5% rice hulls by weight 
can increase flash powder volume by as much as 
20%. The limited use of bulking agents, such as rice 
hulls in flash powder, will not significantly reduce 
the overall effectiveness of the composition. This is 
because the bulking agent helps to keep the flash 
powder (especially one containing atomized alumi- 
num) from becoming compacted, and compacting 
flash powder results in a reduction in its burn rate. A 
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peculiar risk associated with using bran as a bulking 
agent in shells is that the bran may be infested with 
small insect eggs, which may later hatch into insects 
able to bore holes through the paper walls of the 
shell, possibly causing catastrophic fire leaks when 
the shell is fired. 


Flake aluminum is an effective bulking agent for 
flash powders based on atomized aluminum (see 
aluminum powder manufacturing method). The use 
of a mixture of both atomized and flake aluminum 
prevents compaction of the flash powder without the 
use of inert materials, thus usually increasing the 
overall explosive strength of the flash powder. Opin- 
ions vary as to the optimum ratio of atomized alumi- 
num to flake aluminum. That ratio depends greatly on 
the particle size of the aluminums, the size and man- 
ner of construction of the device, and the length and 
conditions of its storage. Ratios in the range of 10 to 
30% flake aluminum are effective. 


Colloidal silica can also be used as a bulking agent and 
will also serve as a flow agent, facilitating the mixing 
and/or loading of the powder in which it is used. As 
little as 1 or 2% colloidal silica can be effective. 


BULK MIX (explosives) — A mass of explosive material 
prepared for use in bulk form for loading directly into 
bore holes without packaging. For example, ANFO is 
often used in this form. 


BULK POWDER — See powder type. 


BULK SALUTES — A term used in defining some regu- 
latory requirements for salute fireworks in the US. 
For regulatory purposes in the US, bulk salutes are 
either: 1) shots or reports prior to loading into aerial 
shells or other firework items, or 2) finished firework 
salutes without their being intermixed with other (i.e., 
non-salute) display fireworks. In the US, bulk salutes 
must meet the storage requirements of high explo- 
sives. 


Worldwide, bulk salutes are commonly classed 1.1G 

under the UN default scheme for transport of fire- 

works. As such, they must be treated the same way as 

high explosives, but they cannot be stored with high 

explosives because they are classed as incompatible. 
BULK SLURRY EXPLOSIVE - See explosive, bulk slurry. 
BULK SPEED OF SOUND - See speed of sound. 


BULK SPORTING POWDER - See powder type. 
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BULK STRENGTH — See explosive strength. 


BULLDOG SALUTE -— (Also super bulldog salute) — A 
device similar to an M-80 or silver salute. In some of 
these now illegal salutes, the end caps fitted flush 
over the end of the tube instead of fitting inside, but 
this is not a criterion for using the term. The term was 
used for almost any large, center-fused salute. 


BULLET - A single projectile or slug intended to be 
discharged from a small-arms firearm, as shown be- 
low. The term is often, but inaccurately, applied to a 
cartridge, which is a complete round of small-arms 
ammunition. The bullet is the projectile of such a 
round of ammunition. 


BULLET EFFECT — A pyrotechnic special effect simu- 
lating the impact of a bullet striking a person or an 
object of some type. The effect is produced by a bul- 
let hit (i.e., a small electrically-initiated explosive 
charge). Bullet effect describes both the result of the 
functioning of a properly configured bullet hit and 
the assemblage of materials used in producing the ef- 
fect. 


When used on a performer: When a bullet effect is to 
be used on a performer, there must be adequate pro- 
tection between the device and the person’s body. In 
one configuration, this can be provided in part with 
the use of a bullet hit shield, which also acts to direct 
the force of the bullet hit outward. In addition, there 
will be thick leather or an energy-absorbing, Sorbo- 
thane™ rubber layer. The bullet hit shield and the en- 
ergy-absorbing backing is commonly painted red so 
as not to detract from the realism of the bullet effect 
being produced. An example of a bullet hit (A) in a 
shield (B) with a rubber pad backing (C) is shown be- 
low. 
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To safely improve the realistic appearance of the bul- 
let effect, the back side of the outer layer of clothing 
will have been weakened by cutting slightly through 
the fabric with a razor blade in the area near the cen- 
ter of where the bullet hit will be placed. This partial 
cutting of the fabric facilitates the tearing of the 
clothing by the bullet hit without requiring a greater 
level of explosive output, which would more likely to 
injure the performer wearing it. Another way to en- 
hance the realism of the effect is to use a blood bag 
(filled with stage blood) attached to the outer layer of 
clothing (often with spray adhesive). Following as- 
sembly of the bullet hit effect, it is typically held in 
place as a unit against the outer layer of clothing us- 
ing gaffer’s tape. A bullet hit configured in this man- 
ner is illustrated below in cross section. 


Outer Clothing Layer 
Tape Layer 
Protective Layer 


Bullet Hit 
Blood Bag 
Bullet Hit Shield 


Bullet Hit 
Leg Wires 


In an alternate bullet effect configuration, the bullet 
hit is placed between the blood bag and the outer 
clothing layer. In this configuration, the bullet hit 
shield is not used and the blood bag itself absorbs 
some of the explosive output of the bullet hit. 


Because of the sound level produced by the explod- 
ing bullet hit, it is appropriate for the performer to 
wear hearing protection. This can be made invisible 
by placing it within the ear canal, or by choosing an 
appropriate camera angle. An additional safety meas- 
ure is to have the person who is wearing the bullet ef- 
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fect fire the effect, or at least to provide that person 
with an arming switch that must be activated before 
the effect can be fired by the pyrotechnic operator. 


When used on an object: In this case, a bullet effect 
is typically placed within an object. In one method, 
the object is first altered to appear as it will after the 
bullet effect has penetrated. This method is used for 
strong materials such as masonry or for sheet metal 
objects such as automobile bodies. Typically, the al- 
teration will be a combination of a dent in the object 
and a bullet hole formed in the center. The bullet hit 
will be placed in the hole, usually with its electric 
leads run out through the back of the object, out of 
view of the camera. Then, low-density plaster or clay 
filler material will be used to fill the hole and dent to 
help confine the effect of the bullet hit. Finally, the 
front surface of the object will made to appear un- 
damaged by painting or other cosmetic treatment. An 
example of this configuration is illustrated below in 
cross section. 


Painted 
Surface { 
Filler 


Material 


Bullet Hit 


Electric 
Wires 


In another configuration, the bullet hit is placed with- 
in the object by drilling into the object from the back. 
The bullet hit is held in place using a non-hardening 
modeling clay (e.g., Plastilina™) or a similar materi- 
al. This method is best suited for objects that are less 
structurally strong, such as wall board (e.g., sheet 
rock or gypsum board) and plywood. Using this 
method, the explosive force of the bullet hit destroys 
the front surface of the object. An example of this 
configuration is illustrated below in cross section. 
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< Paper 
Covering 


Modeling 
Clay 


Electric 
Wires 


Bullet 
Hit 


To dislodge the filler material properly, or to destroy 
the front surface of the object when the bullet hit is 
actuated, it is common for this type of bullet hit to be 
significantly more powerful than could safely be used 
on a person. In addition, if sparks are to be produced 
by the bullet effect, the bullet hit may be augmented 
with spark-producing material such as titanium or 
zirconium sponge particles. 


When _used_on in the ground: When not accom- 
plished pneumatically, a cork hit will be used to pro- 


duce the visual effect of larger scattering debris but 
without the potential for injury from high-density 
ground material (e.g., stones). A cork hit consists of a 
block of cork, with a relatively powerful bullet hit 
loaded into its center. It is placed just below the sur- 
face of the ground and surrounded by loose powdery 
material. One example of how this might be config- 
ured is illustrated below in cross section. 


Undisturbed 
Ground 


Loose Powdery 
Material 


Cork Block 


Bullet Hit 


An example of a cork hit block is shown below in 
two views; the one on the right shows the hole into 
which the powerful bullet hit will be loaded. 


Page 174 


BULLET HIT — A small, electrically-initiated pyrotech- 
nic or explosive device used in the entertainment in- 
dustry to produce a bullet effect that simulates the 
impact of a bullet fired from a weapon. The small ex- 
plosive charge is attached to the inside of a person’s 
clothing or into an inanimate object. When properly 
designed and deployed, the device produces the visu- 
al effect of a bullet striking the person or object. 


A bullet hit that is intended to be used on a performer 
typically appears much like a small disk or coin (see 
below). These bullet hits are commonly available in a 
range of sizes from approximately 0.19 to 0.5 inch (5 
to 13 mm). The explosive power of these bullet hits is 
roughly in proportion to their diameter. In addition to 
size, color coding is used to differentiate between the 
various strength devices. Three models demonstrat- 
ing the appearance of this style of bullet hit are 
shown below. 


For relatively small bullet hits that are used on stage, 
a mixture of potassium perchlorate and potassium 
ferricyanide can be used. For the more powerful bul- 
let hits used in movies, lead styphnate (lead trinitro- 
resorcinate) and diazo-dinitro-phenol are commonly 
used. 


A bullet hit that is intended to be used on an object is 
commonly even larger (and more powerful) than 
those used on a performer. In addition to size, color 
coding is used to differentiate between the various 
strength devices. Examples of these types of bullet 


Ear 


Ricochet hits, when not produced by zirk hits, may be 
small, electrically ignited charges producing a mo- 
mentary spray of sparks, usually using titanium or 
zirconium as the spark material. This device may be a 
small, spark-producing device (SPD) and is typically 
characterized by identifying the directionality of the 
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spray it produces, as either directional or omni- 
directional. The device may also be described as a 
short circuiter, either an omni-directional short cir- 
cuiter (OSC) or a directional short circuiter (DSC). 


BULLET HIT MORTAR and BULLET HIT SHIELD — A 
small metal device used in conjunction with a bullet 
hit effect on a person. This is one of the measures 
taken for the performer’s protection when used as in 
the configuration illustrated below in cross section. 


Outer Clothing Layer 
Tape Layer 
Protective Layer 


Bullet Hit 
Blood Bag 
Bullet Hit Shield 


Bullet Hit 
Leg Wires 


Three examples of bullet hit shields (one of steel and 
two of brass) are shown below. 


The two shields on the left (and the one in the illus- 
tration above) may be described as volcano shields 
because of their shape as viewed from the side. These 
tend to be used in locations on the actor where their 
clothing fits loosely and will not be seen. The shield 
on the right, with a flat top surface, tends to be used 
where the actor’s clothing fits more tightly. 


As used in practice, bullet hit shields are normally 
painted red to help conceal them after the bullet ef- 
fect has exploded. 


In an alternate bullet effect configuration, the bullet 
hit is placed between the blood bag and the outer 
clothing layer. In this configuration, the bullet hit 
shield is not used and the blood bag itself absorbs 
some of the explosive output of the bullet hit. 


BULLET-RESISTANT CONSTRUCTION — In the US, 
high explosive magazines are constructed to resist the 
penetration of a 150-grain M2 ball bullet having a 
nominal muzzle velocity of 2700 ft/s (820 m/s) when 
fired perpendicular to the structure from a 0.30 cali- 
ber rifle at 100 ft (30.5 m). 
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BULLET-SENSITIVE EXPLOSIVE -— In the US, this is 
an explosive that can be initiated by a 150-grain M2 
ball bullet having a nominal muzzle velocity of 2700 
ft/s (820 m/s) when fired perpendicular to the explo- 
sive from a 0.30 caliber rifle at 100 ft (30.5 m). The 
explosive test material is at a temperature of 70 to 75 
°F (21 to 24 °C) and is placed against a 42-inch (12.7 
mm) thick steel plate. 


BUN BANG FAI - See rocket festival. 


BUNDESANSTALT FUR MATERIAL PRUFUNG — 
(Abbreviated BAM) — The German Federal Institute 
for Materials Research and Testing that tests and au- 
thorizes materials including explosives, propellants and 
pyrotechnics. For more information see: 
www.bam.de/index_en.htm 


BUNGEE CORD — See shock cord. 


BUNGER — Jargon occasionally used in Australia for a 
firework that produces an explosive noise as its pri- 
mary effect, see banger. 


BUNG OIL or BUNG HOLE OIL — See /inseed oil. 


BURDEN (explosives) — The material occupying the 
area between an open rock face and the blast holes. 


BUREAU OF ALCOHOL, TOBACCO, FIREARMS 
AND EXPLOSIVES (US) — (Abbreviated BATFE; al- 
so, BATF or ATF) — The agency of the US govern- 
ment with responsibility for regulating commerce in 
explosives and for enforcing weapons (and destruc- 
tive device) statutes. The agency was previously 
named the US Bureau of Alcohol, Tobacco and Fire- 
arms (BATF) and is commonly referred to as simply 
the ATF. For more information see: 


www.atf.treas.gov. 


BUREAU OF EXPLOSIVES (US) — (Abbreviated BE 
or BOE) — This organization was originally formed in 
1907 by the American Railway Association to serve 
as a self-policing agency to promote the safe trans- 
portation of explosives and other hazardous materi- 
als. The Bureau wrote the first hazardous materials 
regulations, which were adopted and expanded upon 
by the Interstate Commerce Commission (ICC) and 
later the US. Department of Transportation (DOT). 


BOE inspectors are placed throughout the United 
States, Canada and Mexico; they work with hazmat 
shippers performing regulatory compliance audits 
and respond to emergencies. Inspectors also provide 
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general awareness and training for hazardous materi- 
als employees. For more information see: 


www.boe.ara.com 


BUREAU OF MINES (US) — (Abbreviated BM or 
BOM) — A US government agency that has no specif- 
ic and direct authority in regulating explosives or 
fireworks, but which performed some research and 
testing on civilian explosives and fireworks for use in 
the US. The bureau was closed in 1995 and certain 
functions were transferred to other federal agencies. 


BUREAU OF MINES TEST — See impact sensitiveness 
test. 


BURN (noun) — A physical injury to the skin or other 
tissues resulting from exposure to heat, extreme cold, 
electricity, radiation, friction or to corrosive or irritat- 
ing chemicals. Burns can sometimes cause permanent 
damage or death. 


chemical burn — An injury resulting from the ac- 
tion of corrosive or irritating chemicals, for example, 
alkali or acid burns. 


thermal burn — An injury resulting from the appli- 
cation of excessive heat to the affected body part. In 
the past, burns were described as first, second and 
third degree, depending on the increasing depth and 
seriousness of the injury. 


classification of burn injuries — Currently, chem- 
ical and thermal burns are classified as superficial, 
superficial partial thickness, deep partial thickness 
and full thickness, according to the thickness of the 
damaged skin tissue. This replaces the older system 
of classifying burns as 1‘, 2°‘ and 3™ degree. The size 
of a burn is indicated by the percentage of total body 
surface area affected by partial thickness or full 
thickness burns. 


BURN (verb) — To undergo a chemical reaction that is 
sufficiently rapid and sufficiently exothermic to pro- 
duce a large increase in the temperature of the reac- 
tants, typically, resulting in the generation of light 
and usually a flame. In pyrotechnics and explosives, 
no air (i.e., atmospheric oxygen) is required for burn- 
ing reaction to proceed, although in some cases, air 
may significantly participate in (or alter the course 
of) the reaction. 


Burn can also describe the action of causing someone 
or something to be damaged by the application of 
heat. 
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BURN CATALYST — See burn rate catalyst. 


BURNER METHOD, STRAND — See VOP determina- 
tion, method for. 


BURNER, SPIN — See spin burner. 


BURNER, STRAND — See VOP determination, method 


for. 


BURNER, T- See 7 burner. 


BURNING — See explosive reaction type and combus- 
tion. 


BURNING, PYROTECHNIC — (Also pyrotechnic com- 
bustion) — Typically, an exothermic oxidation- 
reduction reaction between intimately mixed solids 
that occurs at a rate sufficient to be self-sustaining 
and to produce a flame or incandescence. A general- 
ized chemical equation for pyrotechnic burning (i.e., 
combustion) 1s: 


Fuel + Oxidizer > Products + Heat 


The oxidizer is usually a solid, oxygen-rich salt that 
decomposes at relatively low temperatures. 


The burning of a typical pyrotechnic composition is 
illustrated below. In this slightly simplified model: 
(a) is unreacted pyrotechnic composition; (b) is the 
pre-reacting layer (or the warm-up zone) in which 
some solid-state chemical reactions may be occur- 
ring; (c) is the reacting layer, in which ignition has 
occurred, and the reactions are proceeding in con- 
densed phases, including the liquid phase; (d) is the 
inner flame envelope, with the reactions proceeding 
primarily in the gas phase, but with possibly some 
liquid droplets and/or solid particles present; and (e) 
is the outer flame envelope, in which essentially no 
energy producing reactions are occurring, because of 
the substantial depletion of reactants. To a limited ex- 
tent, any spark-producing materials present in zone 
(e) will have the potential to continue to react. Also, 
some reaction products may condense in zone (e). 


(b) (9) 


(c) 
Although not to scale, the illustration below is an at- 
tempt to display the range of temperatures within the 
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various regions of the above model of typical pyro- 
technic burning. 


Flame 
- 2 Temperature 
of 
&| "2 
- 
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® 
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Distance Along Composition 


Some exothermic decomposition reactions are also 
described as burning, such as with the burning of the 
propellant, smokeless powder (e.g., nitrocellulose) or 
the decomposition of ammonium dichromate. Pyro- 
technic burning is frequently characterized as any of 
several different types: parallel burning and propaga- 
tive burning (see burn type, pyrotechnic), also erosive 
burning, progressive burning, neutral burning and re- 
gressive burning (see propellant burning, type of). 


When unconfined pyrotechnic burning is sufficiently 
rapid to produce at least a mild explosion, it is de- 
scribed as a deflagration. The situation becomes less 
clear when the pyrotechnic burning is confined in a 
vessel (see explosion type, basic (mechanical)). 


BURNING RATE — See burn rate. 
BURNING TIME — See burn time. 
BURNING, TYPE OF — See burn type, pyrotechnic. 


BURNING, TYPE OF PROPELLANT -— Sce propellant 
burning, type of. 


BURNOUT -— The stage in the operation of a pyrotech- 
nic device when it has just completed its normal and 
expected performance as the result of having con- 
sumed its charge of composition. For example, in a 
firework display, it is often desirable from an aesthet- 
ic viewpoint for all components of a group of fire- 
works to undergo burnout at the same time. 


In rocketry: Burnout is the point at which a rocket 
motor has consumed its propellant and is no longer 
producing thrust. A delay composition (prior to its 
igniting the ejection charge for the recovery device) 
or a tracking smoke composition may still be burn- 
ing. 
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As a firework malfunction: Burnout occasionally de- 
scribes a type of consumer firework malfunction, 
more descriptively described as burn through. 


BURNOUT VELOCITY (rocketry) — The velocity of the 


rocket when the motor runs out of fuel. It is usually 
the highest velocity achieved by the rocket. See hy- 
perterminal velocity. 


BURN RATE — The amount of pyrotechnic composition 


consumed per unit time, where the amount is ex- 
pressed either as the length of material consumed 
(i.e., linear burn rate, also velocity of propagation or 
VOP) or the mass of material consumed (i.e., mass 
burn rate): 


length or mass burned 
burn rate = —=———_——_ 


unit time 
Accordingly, common units for linear burn rate are 
inches (or millimeters) per second; possible units for 
mass burn rate are pounds (or grams) per second. As 
a matter of convenience, burn rate may be expressed 
as burn time, which is the inverse of the burn rate: 


. time to burn 
burn time = 


unit length or mass 


Several standard methods for VOP determination are 
discussed in that entry. 


BURN RATE CATALYST — A chemical catalyst acting 


to increase the burn rate of a pyrotechnic composi- 
tion. Most burn rate catalysts operate by lowering the 
decomposition temperature of the oxidizer by effec- 
tively decreasing the necessary activation energy. As 
with other catalysts, burn rate catalysts need to be 
present in only a small amount, typically 1 to 5%, to 
be effective. For example, some whistle compositions 
containing potassium perchlorate and sodium benzo- 
ate include 1% iron(III) oxide to act as a burn rate 
catalyst. 


Manganese(IV) oxide is an effective catalyst for the 
decomposition of potassium chlorate. Alone, potassi- 
um chlorate will begin to decompose slowly at its 
melting temperature (~ 370 °C). In the presence of 
manganese(IV) oxide, potassium chlorate decompos- 
es at a much lower temperature. This reaction was 
formerly used for the preparation of oxygen; it was 
described in 1842 by English chemist James Marsh 
(1794-1846). 


Lowering the decomposition temperature of the oxi- 
dizer (especially when used in conjunction with a 
fuel with a low melting point and/or decomposition 
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temperature) has the effect of reducing the ignition 
temperature. In the example illustrated below the ig- 
nition temperature has been lowered from Tj2 to Tir. 
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Lowering the ignition temperature has the effect of 
reducing the time taken for each successive thin layer 
of composition, in a larger mass of composition, to be 
ignited. The result is an increase in burn rate for the 
composition. An example of the result of using potas- 
sium dichromate as a burn rate catalyst for a pyrolant 
composed of potassium perchlorate (70%) and shel- 
lac (30%) is presented below. 
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In this case, the linear burn rate of the composition 
doubled with the addition of only 4% potassium di- 
chromate. 


BURN RATE, CONTROL OF — A pyrotechnic composi- 
tion has an optimum burn rate for a given application 
and configuration. For example, each i//uminant has 
an optimum burn rate that gives maximum light out- 
put. If the burn rate is too great, material will be 
ejected through the flame envelope too quickly to be 
decomposed and thus cannot contribute fully to the 
light output of the flare. If the burn rate is too low, 
heat losses will be excessive due to the entrainment 
of air and will lead to the recombination and/or 
quenching of desirable light-emitting species. 


There are also safety-related reasons to adjust pyro- 
technic compositions to control burn rate. A few ex- 
amples of the consequences of not doing this are: a 
rocket fails to take off with the speed needed for the 
fins (or stick) to provide sufficient stabilization be- 
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fore the rocket assumes a dangerous trajectory; a 
rocket motor explodes because its internal pressure 
exceeds its casing strength; firework stars burn so 
slowly that they fall to the ground still burning; Ro- 
man candle stars burn so fiercely that they explode 
when being fired; and a grenade delay element fails 
to meet its burn time specification, leading to the de- 
lay being too long or too short. 


There are at least 15 factors affecting burn_rate. 
These factors, acting individually or in concert, can 
be used to control burn rate. 


BURN RATE EQUATION — See Vieille equation. 


BURN RATE, FACTOR AFFECTING — Burn rate is de- 


termined by how quickly the pre-reacting layer of a 
composition (illustrated below) is raised to its igni- 
tion temperature by the transfer of thermal energy 
from the reacting layer of composition. 


Unreacted y— Flame 
Composition 
Consumed 
a Material 
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Pre-Reacting Material 


The propagation inequality (presented below) can be 
used as a basis for discussing those factors (or condi- 
tions) that affect burn rate and that can be purposely 
adjusted to modify the burn rate. 


AH, x Fy, >£, 


In the propagation inequality, E, is the activation en- 
ergy requirement of the composition. For this discus- 
sion, low activation energies manifest as low ignition 
temperatures. AH; is the enthalpy of reaction of the 
composition, in units of energy (e.g., Joules) per unit 
quantity of composition (e.g., mole or kilogram), or 
in other words the thermal energy (i.e., heat) pro- 
duced by the burning composition. Fy is the fraction 
of thermal energy that is successfully fed back from 
the reacting layer to the pre-reacting layer of compo- 
sition. (See thermal energy transfer mechanism.) 


All else being equal, burn rate is strongly influenced 
by how greatly the propagation inequality is exceed- 
ed. This is because the three terms individually and 
collectively affect how quickly the pre-reacting layer 
of composition will be raised to its ignition tempera- 
ture and begin to react (i.e., to burn). The pre-reacting 
layer will be quickly raised to its ignition temperature 
when the activation energy requirement (£,) for the 
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composition is relatively low, when the heat pro- 
duced by the burning composition (AH,) is relatively 
high, and when the heat produced by the reacting 
layer is efficiently fed back (Fi) to the pre-reacting 
layer. 


Knowing the factors that affect burn rate and under- 
standing how they operate; it is possible to alter the 
burn rate of a pyrotechnic composition. Such control 
of burn rate may be necessary to meet performance 
specifications or safety needs. A collection of factors 
that can be used to control burn rate is presented be- 
low. Included in each case is the primary way(s) in 
which each factor acts to modify burn rate by affect- 
ing one or more of the terms in the propagation ine- 
quality equation. 


Controlling Factor 


These burn rate control factors are briefly discussed 
below. This discussion has been greatly simplified 
and should be considered as only a starting point for 
a more detailed understanding. 


Choice of pyrolant: The choice of pyrolant (i.e., fuel 
and oxidizer combination) can affect all three propa- 
gation inequality terms. Some oxidizers (e.g., chlo- 
rates) decompose readily to release their oxygen, 
with the result that pyrolants using those oxidizers 
will have lower activation energies. Fuels having low 
melting points (e.g., sulfur and some organic resins) 
tend to form pyrolants with lower activation energies. 
The use of such oxidizers and fuels results in py- 
rolants with low activation energies that tend to in- 
crease their burn rate. 


The thermal energy produced by a pyrolant is directly 
related to the strength of the chemical bonds formed 
by its reaction products. For example, active metal 
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fuels such as aluminum, magnalium and magnesium 
form very strong bonds with oxygen. The use of fuel 
and oxidizer combinations producing greater energies 
(i.e., enthalpies of reaction) may increase the burn 
rate. 


The efficiency of thermal energy feedback can be af- 
fected by the choice of pyrolant. For example, metal 
fuels, which have greater thermal conductivities than 
non-metallic fuels, will increase thermal energy feed- 
back and thus tend to increase the burn rate of com- 
positions in which they are used. 


Fuel to oxidizer ratio: Every pyrolant has an optimum 
ratio of fuel to oxidizer that produces the most ther- 
mal energy (i.e., the greatest enthalpy of reaction). 
An example of the effect of fuel to oxidizer ratio for a 
pyrolant composed of boron and barium chromate 
(Domanico, 1990) is presented below. 


Mass Burn Rate (g/s) 
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A deviation from the optimum ratio, whether fuel- 
rich or oxidizer-rich, decreases the energy produced. 
Choosing a fuel to oxidizer ratio that maximizes 
thermal energy production tends to increase the burn 
rate of the composition. 


Degree of mixing: If a pyrolant has the overall opti- 
mum fuel to oxidizer ratio but is poorly mixed, it will 
have some portions that are fuel-rich and other por- 
tions that are oxidizer-rich. The net result of poor 
mixing is that somewhat less thermal energy will be 
produced overall. To achieve the maximum burn rate 
of a pyrolant, it needs to be well mixed. An example 
of this, for samples of hand-made Black Powder, is 
presented below. 
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Mass Burn Rate (g/s) 


A B Cc D 
Rough Black Powder Samples 


Sample A had its components dry mixed by screening 
through a 60-mesh sieve. Sample B was dry-mixed 
using a mortar a pestle, which was more effective in 
breaking-up and dispersing small lumps in the ingre- 
dients. Sample C was wet ball-milled for 4 hours, 
which has the effect of some reduction of particle 
size and, upon drying, of attaching some of the oxi- 
dizer to the fuels. Sample D had its fuels dry ball 
milled for 4 hours, the oxidizer was added, and then 
wet ball milled for 8 hours in a manner similar to that 
used commercially in the manufacture of Black Pow- 
der. In each succeeding case, the improved level of 
mixing of the ingredients produced an increase in 
burn rate. 


Particle size: The size of the particles used in a com- 
position determines how easily their temperature can 
be raised. A pyrolant composed of large particles re- 
quires more thermal energy to raise those particles to 
their ignition temperature than would be required if 
the particles were smaller. While there is a particle 
size effect for both fuels and oxidizers, the effect is 
often much greater for fuels. This is because many 
important fuels have higher melting points than the 
melting and decomposition temperatures of oxidizers. 


Pyrolants composed of small particles tend to have 
the greatest burn rates. An example of the relative 
burn rates for signal flares as a function of magnesi- 
um particle size is presented below (Domanico, 
1990). 


Relative Burn Rate 
= Pd o 4 o 


100-200 200-400 -400 
Magnesium Particle Size 
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There is a substantial increase in flare burn rate for 
the smaller magnesium fuel particles. 


Particle shape: The shape of particles also affects 
how easily their temperature can be increased. For 
particles of a given mesh size, it tends to be progres- 
sively more difficult to raise the temperature of 
flakes, granular particles, spheroidal particles and 
spherical particles. As with particle size, particle- 
shape effects tend to be greater for fuels than for oxi- 
dizers. The result is that burn rate tends to be greatest 
for pyrolants composed of fuels in thin flakes. For a 
pyrolant using aluminum as a fuel, the effect of three 
different particle shapes is presented below (particle 
mesh size was held constant). 
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Aluminum Particle Shape 


There is a modest increase in burn rate upon chang- 
ing from spherical to spheroidal atomized aluminum, 
and a substantial further increase upon changing to 
flake aluminum. 


Presence of an additive(s): Most pyrotechnic compo- 


sitions perform other functions in addition to produc- 
ing heat. Such compositions combine a pyrolant with 
other ingredients (i.e., additives). For the most part, 
additives act to lower the burn rate. The presence of a 
flame color-agent such as strontium carbonate raises 
the activation energy requirement. It does so by con- 
suming energy as it decomposes to strontium oxide at 
a temperature (Ta), which is below the ignition tem- 
perature (Tj) of the pyrolant. The net effect is to in- 
crease the thermal energy needed to reach the igni- 
tion temperature. Thus, as illustrated below, a longer 
time is required for the ignition of the pre-reacting 
layer of composition, which decreases burn rate. 
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An additive such as colloidal silica (a flow agent) is 
pyrotechnically inert and does not decompose during 
the pyrotechnic reaction. The effect of its presence is 
to dilute the pyrolant, thus decreasing the energy be- 
ing produced per gram of composition and so de- 
creasing the burn rate. 


An additive such as charcoal for spark production, 
because of its low thermal conductivity, can act to 
reduce thermal energy feedback and thus reduce the 
burn rate. 


Some additives (i.e., burn rate modifiers) are used 
specifically to control burn rate and can either in- 
crease or decrease burn rate. In the example present- 
ed below, fine mesh zirconium has been added to a 
tracer composition to adjust (i.e., increase) its burn 
rate (Domanico, 1990). 


Burn Rate (mm/s) 


5 10 15 20 25 30 
Zirconium (%) 


In this case, the combination of the added thermal 
energy produced and an increase in the thermal con- 
ductivity of the composition nearly doubled its burn 
rate. 


Use of catalysts: Burn rate catalysts commonly oper- 
ate by lowering the decomposition temperature of the 
oxidizer. This is often manifest by a lowering of the 
ignition temperature (i.e., lowering the activation en- 
ergy requirement) of the pyrolant and thus increasing 
its burn rate. For example, a thermal analysis study 
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found that the temperature at which a sample of po- 
tasstum chlorate had decomposed by 50% was re- 
duced by nearly 270 °C with the addition of a few 
percent of manganese dioxide. Similar reductions can 
occur with other oxides such as cobalt(ILII]) oxide 
[Co30,4], which is even more effective than manga- 
nese dioxide. 


The result of using potassium dichromate as a burn 
rate catalyst for a pyrolant composed of potassium 
perchlorate and shellac is presented below. 
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In this case, the burn rate doubled with the addition 
of only 4% potassium dichromate. 


Local temperature: Ignition of each pre-reacting layer 
occurs when that composition has been raised to its 
ignition temperature. When the ambient temperature 
of the composition is closer to the ignition tempera- 
ture, it will require less thermal energy to reach the 
ignition temperature, and it will be attained more 
quickly. This is illustrated below for two identical 
compositions, one starting at a temperature T), and 
the other starting at a higher temperature, T2. 


[ Ignition Temperature 


Temperature 
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The effect of reducing the time taken for each succes- 
sive thin layer of a larger mass of composition to 
reach its ignition temperature is an increase in its 
burn rate. An example of the burn rate of visco fuse 
as a function of ambient temperature is presented be- 
low. 
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Burn Rate (mm/s) 


-10 0 10 20 30 40 
Ambient Temperature (°C) 


In the above graph, the central dots are the average of 
several measurements at each temperature and the 
bars are for the maximum and minimum burn rates 
observed at that temperature. 


Local pressure: For gas-producing pyrotechnic com- 
positions, burn rate is typically pressure dependent, 
with increased pressure producing increased burn 
rate. An increase in pressure acts to hold the flame 
(1.e., high temperature gaseous combustion products) 
closer to the reacting composition, as illustrated be- 
low for a candle flame. In addition, the more concen- 
trated flame tends to maintain a somewhat higher 
temperature. 


Candle Flames 


The result of the more concentrated flame being held 
closer to the burning surface is an increase in the ef- 
fectiveness of thermal energy feedback, which acts to 
increase burn rate. (The relationship between local 
pressure and burn rate is expressed in the Vieille 
equation.) The increase in the burn rate of Black 
Powder as a function of pressure (Shidlovskiy, 1964) 
is presented below. 
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Degree of confinement: The confinement of a burn- 
ing pyrotechnic composition increases the efficiency 
of thermal energy feedback. This is because there is 
little or no escape of thermal energy as it is being 
produced, especially for those pyrotechnic composi- 
tions producing high temperature gaseous reaction 
products (i.e., flame). The result of confinement is to 
increase burn rate due to both temperature and pres- 
sure effects. Ifthe strength of the confinement is great, 
the increase of burn rate can be extremely great. 


The effect of confinement can be the powerful explo- 
sion of materials that (in relatively small quantity) 
would only slowly burn when unconfined. Large 
amounts of pyrotechnic composition (exceeding its 
critical mass) when burned in the open will undergo 
inertial confinement (i.e., self-confinement) and will 
burn explosively. 


Physical form: The physical form of a pyrotechnic 
material can make a great difference on its burn rate. 


For a gas-producing pyrotechnic composition, there 
are two fundamentally different pyrotechnic burn 
types described as parallel and propagative burning. 
In the first case, a single, large, tightly-compacted 
block of composition (as illustrated below in cross 
section, left) will burn relatively slowly compared to 
the same mass of composition in granular form 
(right). 


j 


Loose Grains 
(Propagative 
Burning) 


| Compacted 
1 Composition 


The reason is that the large block of material will un- 
dergo parallel burning in which it will burn only on 
its exposed surface. On the contrary, the granular ma- 
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terial will undergo propagative burning with jets of 
fire racing along the interstices (i.e., gaps) between 
the grains of composition (described as fire paths) to 
ignite and quickly consume the entire mass of mate- 
rial. The difference in linear burn rate between the 
two cases can be a factor of 1000 or more. 


For a non-gas-producing pyrotechnic composition, 
physical form has relatively little effect on burn rate. 


Degree of compaction: The degree of compaction of 
a pyrotechnic composition is related to loading pres- 
sure, dwell time and the physical characteristics of 
the material being compacted. Greater loading pres- 
sures and longer dwell times cause the compacting 
composition to reach a greater density by closing 
more of the pore spaces within the material. Soft or 
slippery ingredients in the composition have the same 
effect. 


For gas-producing compositions, specifically those 
for which convective feedback of thermal energy 
predominates, greater consolidation acts to reduce the 
burn rate of the compacted material. This is because 
of the greater difficulty for burning gas (i.e., flame) 
to penetrate the composition, carrying thermal energy 
with it. An example of the effect of increased consol- 
idation (because of increased loading pressure) on the 
linear burn rate of Pyrodex (Barrett, 1993) is present- 
ed below. 
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For fully non-gas-producing compositions, such as 
gasless delay compositions, conductive feedback of 
thermal energy predominates. Accordingly, greater 
consolidation increases the mass burn rate of the 
more greatly compacted material, because of the cor- 
responding increase in its thermal conductivity. An 
example for a 10:90 ratio composition of boron and 
barium chromate (McLain, 1980) is presented below. 
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Initially, the increasing loading pressure has a sub- 
stantial effect on burn rate, as the air is squeezed 
from the composition, significantly increasing its 
thermal conductivity. Then, as one approaches the 
theoretical maximum density (see density), the effect 
of increasing loading pressure is much less. 


Geometry: The size and shape of a mass of pyrotech- 
nic composition will result in at least a small effect 
on the burn rate because of changes in the efficiency 
of thermal energy feedback. For example, consider 
the case illustrated below in cross section. 
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On the left is a thin stick of burning composition. As 
this material burns, most of the radiated thermal en- 
ergy from the flame is lost to the surroundings, with 
almost none reaching the small burning surface. In 
the case on the right, consider that the thin stick is a 
part of a much larger block of the same composition. 
Then, some of the thermal energy lost for the case on 
the left will be absorbed somewhere on the surface of 
the larger block. In this way, on average, a smaller 
percentage of the radiated energy will be lost to the 
surroundings. The effect of greater energy feedback 
is an increase in the burn rate for the larger block. 


Another example of a geometric effect is the erosive 
burning that occurs inside a hole of a block of pyro- 
technic composition. This effect is responsible for the 
ignition spike seen in small, core-burning rocket mo- 
tors, illustrated below. 
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In this case, the flame produced by the burning pro- 
pellant on one side of the core will be very efficient 
in feeding thermal energy to the composition on the 
other side of the core, and vice versa. The overall ef- 
fect, until the diameter of the core is increased, is 
significantly-increased thermal energy feedback. 


The use of inert materials to affect burn rate can also 
be considered as a type of geometric effect. Examples 
of this are when a composition has been compacted 
into a tube of high-thermal conductivity (e.g., alumi- 
num) or when thermally conductive wire has been 
imbedded within a pyrotechnic composition. In this 
way, some of the thermal energy that would other- 
wise be lost will instead be fed back into the burning 
composition. These methods are used in aerial signal 
flares and some types of fuse (e.g., some igniter 
cords) to increase the efficiency of thermal energy 
feedback. 


Crystal effects: These include a number of diverse ef- 
fects all relating to properties of the crystal lattice. 
One crystal effect may result from the ability of the 
lattice to store a small portion of the energy expended 
during milling or grinding. Following the accumula- 
tion of this lattice energy, there seems to be a temper- 
ature-dependent relaxation time during which the 
stored energy is slowly lost. During the period when 
significant energy remains stored in the crystal lat- 
tice, the effective activation energy of the composi- 
tion using this crystalline material is reduced, poten- 
tially increasing its burn rate. 


Other crystal effects can be the result of using mate- 
rials with different methods of manufacture, which 
produce crystals with different lattice structures, dif- 
ferent numbers of defects and different amounts of 
trace impurities. Often these crystal effects act to in- 
crease the looseness of the crystal lattice and thus the 
mobility of the atoms in and into the crystal (see 
Tammann temperature). This facilitates pre-ignition 
reactions, effectively acting to reduce the ignition 
temperature (i.e., activation energy) of the composi- 
tion using this crystalline material, potentially in- 
creasing its burn rate. 


Page 184 


Still another possible crystal effect, which may be 
important in some transitions from burning to explo- 
sion, is the piezoelectric effect. It has been suggested 
that this has the potential for significantly increasing 
the efficiency of energy feedback by converting 
compressive pressure forces into an electrical ignition 
stimulus. 


Environmental effects: Several environmentally- 
influenced effects that may occur during storage pas- 
sively affect burn rate. One example is the cracks 
(i.e., fire paths) that may develop in a composition 
because of temperature and/or humidity cycling. 
Such cracks increase the efficiency of convective 
thermal energy feedback (important for gas produc- 
ing compositions) and decrease the conductive ther- 
mal energy feedback (important for gasless composi- 
tions). 


Another environmentally produced effect can be the 
corrosion of metal fuels, thus altering the fuel to oxi- 
dizer ratio, due to reaction with moisture and oxygen 
from the air. This has the effect of reducing the 
amount of thermal energy produced (i.e., the enthalpy 
of reaction), and it acts to reduce the burn rate of the 
affected composition. For compositions without met- 
als that may corrode, any absorbed moisture will 
need to be driven off before ignition will occur. This 
acts to raise the activation energy requirement and 
will thus decrease the burn rate. 


An environmental effect that actively affects burn 
rate is the speed of airflow past the burning composi- 
tion. This acts by affecting the fraction of thermal en- 
ergy being fed back from the flame to the burning 
surface, as illustrated below in cross section. 


Stationary 


In the case of a stationary star, the flame hovers 
above the star and more of the thermal energy being 
produced is fed back to the burning surface. In the 
case of a moving star, the flame will be pushed away 
from the star by the air moving past it. That this oc- 
curs is shown below in the group of stars being pro- 
pelled through the air at high speed from an explod- 
ing aerial display shell. 
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It is rather clear that the stars (i.e., dark dots) have 
their flame envelopes (i.e., light areas) trailing behind 
them. The effect is to reduce the fraction of thermal 
energy fed back, thereby lowering the burn rate. In 
extreme cases, it is possible to extinguish a burning 
pyrotechnic star if it is propelled excessively fast 
from a bursting aerial shell or Roman candle, in a 
process much like that occurring when one blows out 
the flame of a wax candle. This may be described as 
the star having been blown blind. 


BURN RATE MODIFIER — A substance added to a py- 
rotechnic composition in a relatively small amount to 
increase or decrease its burn rate. Although a burn 
rate catalyst may be used to increase burn rate, it is 
usually not considered to be a burn rate modifier. 
This is because a burn rate catalyst acts by lowering 
the activation energy requirement of the composition, 
whereas a burn rate modifier typically alters the 
overall enthalpy of reaction of the composition and/or 
alters the efficiency of thermal energy feedback. 
When either of these is increased, so will the burn 
rate, and conversely. 


In the example presented below, zirconium was add- 
ed to a red tracer composition. The addition of 15% 
fine-grained zirconium effectively doubled the burn 
rate (Domanico, 1990) by increasing the enthalpy of 
reaction and improving thermal feedback. 
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In contrast, the addition of sodium bicarbonate (sodi- 
um hydrogen carbonate) to Black Powder has the ef- 
fect of substantially decreasing burn rate. In the ex- 
ample presented below, the addition of 20% sodium 
hydrogen carbonate reduced the burn rate to zero. 
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The reduction in burn rate is the result of the thermal 
decomposition of the sodium hydrogen carbonate. 
This consumes energy, thus reducing the enthalpy of 
reaction. In addition, it is likely that the production 
and escape of carbon dioxide in the process reduces 
the efficiency of thermal feedback. 


BURN RATE PRESSURE COEFFICIENT and BURN 


RATE PRESSURE SENSITIVENESS — See Vieille 
equation (pressure exponent). 


BURN RATE TEMPERATURE SENSITIVENESS — The 


linear burn rate of energetic materials such as propel- 
lants and pyrolants (at constant pressure) is depend- 
ent on the temperature of the materials. The tempera- 
ture sensitiveness of burn rate (o,) is defined as: 


> - An) 
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Here, r is the linear burn rate and T is temperature. 


BURN RATE TRANSITION — The result of a change in 


burn type, often between relatively mild, parallel 
burning and, potentially explosive, propagative burn- 
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ing. (See burn type, pyrotechnic.) Such burn type 
transitions can result in changes in burn rate by a fac- 
tor of 1000 or more. Under some conditions, transi- 
tions to deflagration and even to detonation may also 
be possible. Accordingly, when unexpected burn rate 
transitions occur, the consequences can be disastrous. 


One example of when an unexpected burn rate transi- 
tion is possible is in the burning of a loose pile of 
finely powdered pyrotechnic material. See burn type, 
pyrotechnic (burn type transition). 


In fireworks: The burning of a traditional aerial shell 
leader (composed of quick match with a black match 
delay element) provides a common example of an 
expected burn rate transition. The exposed black 
match portion of the shell leader burns at approxi- 
mately 1 inch (25 mm) per second and is essentially 
parallel burning. In contrast, the quick match portion 
of the shell leader (which is black match encased in a 
paper match pipe) burns at 10 to 30 feet (3 to 9 m) 
per second and is propagative burning. The increase 
in burn rate in this case is by a factor of approximate- 
ly 200. 


BURNT LIME — See calcium oxide. 


BURN THROUGH (fireworks) — A malfunction where- 
by a tube (e.g., the case of a fountain or a Roman 
candle tube) unintentionally burns through to its exte- 
rior during the normal performance of the device. 
This is the result of using a tube that is not sufficient- 
ly resistant to fire. This can simply be that the tube 
wall is too thin or that the tube is too flammable, be- 
cause of the nature of the material used or because 
insufficient glue was used in forming the tube. Inter- 
nal pressure can be a contributing factor in this type 
of malfunction. An example of how such a malfunc- 
tioning fountain might appear is shown below. 


‘ye le ' 


Another closely-related firework malfunction is de- 
scribed as blowout, in which there is a pressure relat- 
ed release of combustion products in a location other 
than intended. In many instances, such as that shown 
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above, the malfunction is likely to be a combination 
of a burn through and a blowout. Although unusual, 
there are times when it is part of the normal operation 
of a consumer firework to produce one or more jets 
of fire through the side of the device. For example, 
there is a type of fountain with a series of small de- 
vices fused through small holes in the side of the 
fountain, so that the side-mounted devices are ignited 
one after the other as the fountain burns. As the side- 
mounted devices fall away, the small holes left in the 
fountain produce small jets of fire. Since this is in- 
tended it does not constitute a burn through malfunc- 
tion. A small fountain with 4 thin plastic spheres con- 
taining dragon’s eggs mounted on it is shown below 
(left); on the right is the same fountain just before 


CAUTION! 
SHOWERS OF SET 
POCRACKLNG SS Ht 


BURN TIME — (Also burning time) — The time required 
to burn a specific amount of pyrotechnic material, 
where the amount is typically expressed either as the 
length of material consumed or the mass of material 
consumed. As such, burn time is the inverse of burn 
rate, with the units of seconds/inch (sec- 
onds/millimeter) and less commonly seconds/pound 
(seconds/gram): 


: elapsed time 
burn time = P 


amount (mass or length) consumed 


BURN TYPE, PYROTECHNIC — Pyrotechnic material 
tends to exhibit one of two significantly different 
types of burning. One type, described as parallel 
burning, tends to be relatively mild burning, and the 
other, described as propagative burning, tends to be 
much more vigorous. 
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parallel burning — (Also face burning or cigarette 
burning) — A type of pyrotechnic burning that pro- 
ceeds, layer after parallel layer, along the same di- 
mension of the composition. For gas-producing com- 
positions, this type of burning proceeds relatively 
slowly and in a controlled manner. Parallel burning is 
typical of a tightly-compacted pyrotechnic composi- 
tion, where there is little or no penetration of com- 
bustion gases (and the thermal energy they possess) 
into the yet-unburned composition, as illustrated be- 
low in cross section. 


Hot Combustion Gases 


SSS 


Pyrotechnic 
Composition 


Parallel burning of propellants is expressed as Pi- 
obert’s law. 


propagative burning — (Also progressive burning 
or pressure-driven burning) — A type of pyrotechnic 
burning that proceeds primarily along grain surfaces 
as fire races along fire paths through the composition. 
Propagative burning almost always proceeds rapidly 
or even explosively. This is typical for granulated py- 
rotechnic compositions in which the hot combustion 
products (gases, particles and possibly tiny bits of 
still-burning composition) readily penetrate further 
into a charge of composition. In this way, more and 
more material is quickly ignited, as illustrated below 
in cross section. 


Hot Combustion Gases 


Open-End Tube 
Pyrotechnic Composition 


burn type transition — A change from one type of 
pyrotechnic burn type to another. Often, a burn type 
transition is predictable and can be safely accommo- 
dated. The burning of a traditional aerial shell leader 
(composed of quick match and with a black match 
delay element) provides a common example of an 
expected burn type transition. The exposed black 
match portion of the shell leader burns at approxi- 
mately 1 inch (25 mm) per second and is essentially 
parallel burning. In contrast, the quick match portion 
of the shell leader (which is black match encased in a 
paper match pipe) burns at 10 to 30 feet (3 to 9 m) 
per second and is propagative burning. The burn rate 
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in this case increases by a factor of approximately 
200. 


When a burn type transition is not predictable, the 
transition from parallel burning to propagative burn- 
ing can result in a serious accident. One situation 
where this can occur is during the burning of loose, 
fine-grained powders (as opposed to either compact- 
ed or granular compositions). Depending on the na- 
ture of the loose, fine-grained powder, once it is ig- 
nited it may exhibit relatively mild parallel burning. 
This is illustrated below in cross section, where the 
pile of powder burns in what are essentially a series 
of parallel layers (indicated as a series of red burning 
surfaces). 


Ignition 


Point 
Parallel 


Burning LFOo, 
Surface 


BsCsoers Grea) 


At any time during the burning, a significant amount 
of the combustion products may begin to penetrate 
the bulk powder. This is illustrated below in cross 
section, where the penetrating combustion products 
(e., flames) are indicated by a series of red arrows. 


Initial Transition to 
Parallel Propagative 
Burning Burning 
Surface —_ <2. Pile of 


Pyrotechnic 
Composition 


PSS 


The burning will thus have transitioned from relative- 
ly mild, parallel burning to much more rapid propa- 
gative burning, including the potential for producing 
an explosion. In this case, the triggering event to 
cause the burn type transition is likely to have been 
the inertial confinement provided by the mass of 
powder and its combustion products. 


BURN TYPE TRANSITION — See burn type, pyrotechnic. 


BURST (noun) — Jargon for burst charge or break 


charge. 


BURST (verb) — Roughly synonymous with explode, 


such as in the mechanical explosion of an aerial shell. 
(See explosion type, basic (mechanical).) 
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BURST ALTITUDE —The height above the ground at 
which a device bursts or is designed to burst. See aer- 
ial shell burst height for typical aerial shell burst alti- 
tudes. 


BURST BAG — A relatively small, thin-walled container 
of break charge (e.g., flash break or whistle break) 
used in the manufacture of some aerial shells and 
rocket headings. Because the burst charge is typically 
positioned centrally in the shell, its use can aid in 
producing a symmetrical break of stars. Occasionally, 
a burst bag will contain stars in addition to the burst 
charge. Such stars will tend to be propelled more 
weakly than the surrounding stars and will be ran- 
domly distributed somewhat nearer the center of the 
spread of stars. 


The end of the time fuse that is inside the shell is in- 
stalled into the end of the flash bag. A burst bag us- 
ing flash break is illustrated below in cross section. 


Black Match 


String 


Flash Composition 


A : Paper or Plastic 
Shell Casin 

: Tube or Bag 
Firework 
Time Fuse 


A burst bag charged with flash break will typically be 
described as a flash bag. 


BURST CHARGE - See break charge. 
BURST DELAY -— See aerial shell pre-fire time. 
BURST DISK — See rupture disk. 


BURST EFFECT (fog) — See fog machine (cryogenic 
fog machine). 


BURST HEIGHT — For fireworks, the height at which 
an aerial shell or other firework breaks (i.e., ex- 
plodes) to produce its display. See aerial shell burst 
height for typical aerial shell burst heights. 


BURSTING CHARGE -— See break charge. 
BURSTING COMET — See comet, crossette. 


BURST MECHANISM — See aerial shell burst mecha- 
nism. 


Page 188 


BURST PLATE — See rupture disk. 
BURST SPREAD - See aerial shell burst spread. 


BURST STRENGTH — The maximum pressure that can 
be applied to an object without causing its rupture. 
This concept is usefully applied to tubes such as 
firework mortars and casings, to rocket motor casings 
and to shipping cartons. 


For tubes: The relationship between burst strength 
(P,) of a relatively thin-walled tube (i.e., with a wall 
thickness less than 1/10™ the tube diameter) and the 
tensile strength (7,) of the material from which it is 
made is expressed in Barlow’s formula: 


part 
OD 


Here, W is wall thickness, and OD is the outside di- 
ameter of the tube. 


For shipping cartons: Burst strength is a value indi- 
cating the strength of the material used to construct 
the carton. Typically, these values are specified in 
units of pressure applied under specified conditions. 


BURST TIME, AERIAL SHELL (fireworks) — See aeri- 
al shell burst time and aerial shell pre-fire time. 


BUS WIRE - Expendable heavy-gauge, bare copper 
wire used to connect detonators or a group of detona- 
tors in parallel. 


1,3-BUTADIENE HOMOPOLYMER — See carboxy- 
terminated polybutadiene. 


2-BUTANONE — [C4HsO] — {CAS 78-93-3} — (Abbre- 
viated MEK) — (Also butanone, methyl ethyl ketone 
or ethyl methyl ketone) 


2-butanone is a ketone, useful in pyrotechnics as a 
solvent for plastic binders. It is a colorless, flamma- 
ble liquid having an odor somewhat resembling that 
of acetone. 


Structural 
formula: 
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Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV-TWA: 200 parts per million. 


UN hazard classification: PSN: ethyl methyl ketone 
or methyl ethyl ketone; HC: 3 — flammable liquid 
(UN1193). 


2-BUTANONE PEROXIDE — [CsH1s0¢] — {CAS 1338- 
23-4} — (Abbreviated MEKP) — (Also butanone per- 
oxide, methyl ethyl ketone peroxide, ethyl methyl ke- 
tone peroxide or 2-hydroperoxy-2-((2- 
hydroperoxybutan-2-yl)peroxy) butane) 


2-butanone peroxide is an organic peroxide used as a 
cure agent for polyester resins. Such resins are used 
as binders in some pyrotechnic compositions (e.g., 
Laminac in illuminating flares). Pure 2-butanone 
peroxide is a colorless, oily, viscous liquid. It is a 
high explosive, sensitive to heat and mechanical 
shock. It is usually supplied as a 30 to 60% solution 
in dimethyl] phthalate, or similar solvent, to reduce its 
sensitivity to shock. 


Health information: TLV-C: 0.2 parts per million. 


UN hazard classification: PSN: organic peroxide type 
D, liquid; HC: 5.2 — organic peroxide (UN3105). 


BUTTER (verb) — To use a small spatula or similar tool 
to apply a mixture that has a pasty consistency, such 
as in applying a prime composition to improve the 
likelihood of successful ignition of a pyrotechnic de- 
vice. 


BUTTERFLY SHELL — A firework aerial shell produc- 
ing one of two styles of patterned breaks. One pattern 
is that of a butterfly image, showing an outline of two 
open wings, a body and sometimes also showing an- 
tennae, eyes and colored wing spots. 


The other style of butterfly-shell design has both ends 
of a cylindrical shell simultaneously separating from 
the shell body causing the stars to spray out in what 
might be described as a double mine effect that re- 
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sembles (fancifully) the image of a butterfly. This 
style of butterfly shell is also described as a bow-tie 
shell. The burst pattern of this type of butterfly shell 
is shown below. 


Photo Credit: Eldon Hershberger 


BUTTER OIL or BUTTER YELLOW - See oil yellow. 
BUTT WELD -— See weld. 


BUTYRATE DOPE -— See cellulose acetate butyrated 
dope. 


BUZZ BOMB - A type of consumer firework tourbil- 
lion disclosed in 1948 in two patents granted to 
American toy maker and firework manufacturer Law- 
rence Wesley Brown (1881-1960). One of these pa- 
tents disclosed a firework that spun and then rose ver- 
tically into the air leaving a spiral trail of sparks. The 
second disclosed an otherwise similar firework that 
exploded with a loud noise at the end of its flight. 
Brown manufactured these fireworks commercially 
under the registered trademark Buzz Bomb™,; the 
term has since become generic and is now used 
loosely for many kinds of report-bearing small tour- 
billions. Unlike a traditional tourbillion, a typical 
buzz bomb has only one exhaust vent. Because of the 
angle of the exhaust vent hole, the exiting combus- 
tion gases provide both the rotational (i.e., spinning) 
force and the upward lift force for the buzz bomb. 


Another difference between a buzz bomb and a tradi- 
tional tourbillion is that the stabilizing wing of the 
buzz bomb is usually designed to produce a minimal 
degree of lift as the device spins. Despite this the 
buzz bomb’s wing primarily operates to maintain the 
proper orientation of the device while it is still on the 
ground and until its rotational velocity about the 
transverse axis perpendicular to the wing generates 
sufficient angular momentum to maintain its orienta- 
tion its flight. 


The report at the end of the flight was produced by a 
small amount of flash powder loaded in the end of 
the tube most distant from the exhaust hole. 
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The fuel used in the original Buzz Bomb was a modi- 
fied Black Powder, although for a relatively short pe- 
riod in the 1980s Pyrodex was used as the fuel. The 
Pyrodex-powered items flew well but did not produce 
the trail of carbon sparks that characterized the origi- 
nal Buzz Bomb. Examples of buzz bombs, both an 
early version (Zenith Buzz Bomb, made by Brown’s 
company in Clinton, MO) and a modern version 
made in China, are shown below. Although not clear- 
ly seen in the photographs, the small plastic wings 
have a twist to them, giving them potential to con- 


EE T me itt oo + 
SSS one susnuaerasuaauadista 


Buzz bombs, helicopters and similar devices are oc- 
casionally used in professional firework displays. 
This is done by using quick match to fuse a substan- 
tial number of the devices (10, 20 and perhaps many 
more) to fire simultaneously and launch from a suita- 
ble surface, such as a sheet of plywood. Such an ar- 
rangement may be termed a buzz bomb board. Buzz 
bombs and similar devices are no longer allowed in 
UK due to their potentially erratic flights. 


B-WAX — See beeswax. 


B-WEIGHTED (sound) — (Also B-weighting) — See 
sound pressure level measurement. 
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C-—The symbol for: capacitance, coulomb, heat capac- 
ity and the chemical element carbon. 


°C (temperature) — The symbol for degrees in the Cel- 
sius temperature scale. 


C* — The symbol for characteristic exhaust velocity. 


C-4 — Abbreviation for composition 4. See composi- 
tion name, explosive. 


C/82 POWDER — See powder type (brown powder). 
Ca — The symbol for the chemical element calcium. 


CABD - Abbreviation for cellulose acetate butyrate 
dope. 


CABLE CUTTER, EXPLOSIVE — An explosive-powered 
device that cuts a cable upon its activation. Explosive 
cable cutters are used in commercial multistage rockets 
during staging and in the ejection systems of military 
aircraft. 


A small explosive charge acting against a piston rap- 
idly advances a strong cutting blade to cut the cable. 


CABLE CUTTER, SPECIAL EFFECT — A device that 
may be used when there is a requirement for a motion 
picture prop to fall on command. Initially, the prop is, 
held in place by a cable run through the slot (A) in the 
cable cutter (shown below). 


ZA 


The cable is held in place in the slot by sliding the 
keeper ring (B) to the left. The hardened steel cutting 
rod (C) is inserted into the end of the unit from the 
right. This is followed by loading an appropriately 
sized explosive charge (typically a bullet hit) into the 
right end of the unit and securing it in place by 
screwing in the bolt, through which the bullet hit’s 
leg wires have been run. This unit will cut steel ca- 
bles up to 0.12 inch (3 mm) in diameter. 


CABLE RELEASE, PYROTECHNIC — (Also quick re- 
lease latch or Sweeny trip) — A device that may be 
used when there is a requirement for a large motion 
picture prop to fall on command. Initially, strong ca- 
bles, linked through the openings on the two ends (A) 
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of the cable release (shown below), are used to sup- 
port the item. 


An appropriately sized bullet hit is loaded into the 
black cylindrical chamber (B) of the cable release. With 
the safety pin (C) removed, when the bullet hit is ac- 
tuated, an internal piston triggers the release of the 
cable from the left end of the unit. This cable release 
has a rated capacity of 10,000 pounds (4,500 kg). For 
large and/or complex items, more than one set of ca- 
bles and releases may be required. 


A smaller cable release (with a 200-pound, 90-kg, 
capacity) is shown below. 


CABLE TIE — See Zip tie. 


CAB-O-SIL™ — A trade name for a type of fumed or 
colloidal silica. 


CAD -— Abbreviation for cartridge-actuated device. See 
propellant-actuated device. 


CADMIUM SULFIDE — [CdS] — {CAS 1306-23-6} — 
(Also cadmium yellow; the mineral greenockite) 


Cadmium sulfide is an obsolete pyrotechnic fuel of mi- 
nor historical interest. It was said to produce a bluish- 
white flame in combination with potassium nitrate 
and sulfur; the extreme toxicity of its combustion 
products makes it completely unsuitable for any such 
use. Cadmium sulfide is a yellow crystalline powder. 


Characteristic (a) 
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a) Code for reference source, see preface. 
b) Insoluble in cold water; forms a colloid in hot water. 


Health information: TLV-TWA: 0.002 mg/m? (as Cd, 
respirable dust); TLV-TWA: 0.01 mg/ m? (total dust); 
IARC-1: carcinogic; highly toxic. 

UN hazard classification: PSN: cadmium compounds; 
HC: 6.1 — poison inhalation hazard (UN2570). 


Historical: During World War I,German military pyro- 
technists used cadmium sulfide and cadmium metal in 
a yellow smoke-puff cartridge for military signaling. 
One such formulation (Eppig, 1945)is presented below. 


Ingredient Parts by Weight 


The mixture was loosely loaded into a container that 
formed the projectile of a cartridge to be fired from a 
signal pistol. Upon firing, the propelling charge ignit- 
ed a time fuse in the projectile. When the projectile 
reached the top of its trajectory, the time fuse ignited 
an axial charge of Black Powder that ignited the en- 
tire composition. This burned explosively, producing 
a puff of yellow smoke. The yellow color presumably 
resulted from the dispersed cadmium sulfide, com- 
bined with brown cadmium oxide [CdO] plus the 
white combustion products of the other ingredients. 


CADMIUM YELLOW - See cadmium sulfide. 


CADUCEUS ROCKET -— See firework name and de- 
scription (historical). 


CAKE (noun) — See multiple-tube device. 


CAKE (verb) —To set into a rather solid mass. This is used 
to describe the setting of loose powders. The caking 
of many crystalline powders is exacerbated by mois- 
ture and by the application of a compressive load, such 
as that applied to powder near the bottom of a barrel 
from the weight of the overlying powder. To inhibit 
caking, an anti-caking agent is added to some chemi- 
cals. Some non-crystalline powders, such as shellac, 
may cake from being subjected to high temperature. 


CAKE DECORATION GERB - See ice fountain. 


Page 192 


CAKE FIREWORK — See multiple-tube device. 
CAL — Abbreviation for calorie. 


CAL — A designation for kilocalorie such as pertains to 
food. See calorie (food calorie). 


CALCINATED MAGNESIA or CALCINED MAGNESIA — 
See magnesium oxide. 


CALCINE (verb) — To heat a substance to a high tem- 
perature to remove water or other volatiles. As a re- 
sult of being calcined, a substance may be converted 
(or more readily converted) to a powder. 


CALCIUM — [Ca] — {CAS 7440-70-23 


Calcium is occasionally used in special effects. It is 
also a rarely used fuel in pyrotechnics, particularly in 
specialized flares that are intended to operate at ex- 
treme altitudes. Calcium is a water-reactive chemical 
element, atomic number 20. It is a moderately soft, 
yellowish-white crystalline metal when first cut; it 
quickly tarnishes to a blue-grey on exposure to air. 


a) Code for reference source, see preface. 


Health information: TLV: none established for calci- 
um metal; it is obviously harmful, as it reacts exo- 
thermically with moisture to form the strong, corro- 
sive base calcium hydroxide. 


UN hazard classification: PSN: calcium; HC: 4.3 — 
dangerous when wet (UN1401). 


In special effects: Since calcium reacts somewhat vig- 
orously with water to produce hydrogen gas, it may 
be used to create the illusion of hot or boiling water. 


CALCIUM ACETYLIDE — See calcium carbide. 
CALCIUM CARBIDE — [CaC2]— {CAS 75-20-7} — (Also 


acetylenogen, calcium acetylide or calcium dicarbide) 


Calcium carbide is a conveniently portable source of 
acetylene gas [C2H2] for use in carbide cannons and 
carbide lamps, where acetylene is generated when 
calcium carbide comes into contact with water: 
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CaCxs) + 2 H.00) > C2Hag) + Ca(OH)a(s) 


Calcium carbide is manufactured in vast quantities 
(especially in China) by heating a mixture of lime 
(calcium oxide) and coke (a source of carbon) in an 
electric furnace. Pure calcium carbide is colorless as 
crystals and white as a powder. The impure (industrial- 
grade) material normally encountered consists of gray- 
ish-white to gray-black lumps or granules. Industrial- 
grade calcium carbide has a foul, garlic-like odor 
caused by the impure acetylene released by its reaction 
with atmospheric moisture. It is usually coated with 
white or grayish-white calcium hydroxide [Ca(OH),]. 


a) Code for reference source, see preface. 

Health information: TLV: 2 mg/m’. 

UN hazard classification: PSN: calcium carbide; HC: 
4.3 — dangerous when wet (UN1402). 


CALCIUM CARBONATE -— [CaCOs3] — {CAS 471-34-1 


or 1317-65-3} — (Also chalk, caliche, limestone or 


marble; the minerals calcite and aragonite) 


Calcium carbonate is occasionally used as a pyro- 
technic flame color agent and as an acid neutralizer 
(e.g., in Armstrong ’s mixtures). It was also used as an 
ingredient in pyro-adhesive and in spit devils. Calci- 
um carbonate can be refined from the mineral calcite. 
As precipitated chalk, it is made by treating a solu- 
tion of calcium hydroxide with carbon dioxide gas. It 
is colorless as crystals and white as a powder. 


a) Code for reference source, see preface. 


Health information: TLV: none established; PEL-TWA: 
15 mg/m? (total dust), 5 mg/m? (respirable dust). 


UN hazard classification: not regulated. 


CALCIUM DICARBIDE — See calcium carbide. 
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CALCIUM DISILICIDE — See calcium silicide. 


CALCIUM MONOCHLORIDE — [CaCl’] — {CAS 15606- 


71-0} 


The chemical species that produces orange-red colored 
flames when calcium compounds are used in fireworks 
as red flame color agents instead of more-costly stron- 
tium compounds. 


Properties: Calcium monochloride is a gaseous, mo- 
lecular free radical that is stable only at elevated 
temperatures, such as those of pyrotechnic flames. It 
is produced by chemical reaction in the flame of a 
suitably formulated pyrotechnic composition. 


Molecular weight = 75.53 g/mol. 
Enthalpy of formation = — 104.60 kJ/mol. 


Color emission: The dominant wavelength (609 nm) 
of calctum monochloride is slightly less orange than 
that of calctum monohydroxide (600 nm) because it 
lacks the intense green band of the latter. (See color 
measurement (dominant wavelength).) Consequently, 
the perceived color of flames containing calcium mon- 
ochloride is orange-red, while that of flames contain- 
ing calctum monohydroxide is more orange. The emis- 
sion spectrum of calcium monochloride is presented 
below, along with the intensity of its various spectral 
bands. 
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The CIE-1931 2° coordinates for its color point in the 
chromaticity diagram are X = 0.661 and Y = 0.338 
(presented below) corresponding to a purity of 100% 
and a dominant wavelength of 609 nm. (See color 
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measurement (color point), (purity) and (chromaticity 
diagram).) 


Calcium 
Monochloride 


CALCIUM MONOHYDROXIDE — [CaOH’] — {CAS 
12177-67-2} 


The preferred calcium-based chemical species for pro- 
ducing orange-colored flames. 


Properties: Calcium monohydroxide is a gaseous, 
molecular free radical that is stable only at elevated 
temperatures, such as those of pyrotechnic flames. It 
is produced by chemical reaction in the flame of a 
suitably formulated pyrotechnic composition. (See 
colored-flame chemistry.) 


Molecular weight = 57.09 g/mol. 
Enthalpy of formation =— 193.88 kJ/mol. 


Color emission: The dominant wavelength (600 nm) of 
calcium monohydroxide is slightly more orange than 
that of calctum monochloride (609 nm). (See color 
measurement (dominant wavelength).) This difference 
in dominant wavelength is due primarily to calcium 
monohydroxide having a strong band in the green (555 
nm), which is readily seen when the flame is viewed 
through a diffraction grating. The emission spectrum 
of calcium monohydroxide is presented farther below, 
along with the intensity of its various spectral bands. 


The CIE-1931 2° coordinates for its color point in the 
chromaticity diagram are X = 0.630 and Y = 0.369 
(presented below) and correspond to a purity of 
100% and a dominant wavelength of 600 nm. (See 
color measurement (color point), (purity) and (chro- 
maticity diagram).) 
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CALCIUM NITRATE -— [Ca(NO3)2] — {CAS 10124-37-5} 
— (Also nitrate of lime, Norwegian saltpeter, Nor- 
gessalpeter; the tetrahydrate occurs naturally as the 
rare mineral nitrocalcite) 


Calcium nitrate is a rarely used pyrotechnic oxidizer. 
Itreadily absorbs moisture from the air and eventually 
forms an aqueous solution (1.e., it is deliquescent). 
Calcium nitrate is colorless as crystals and white as a 
powder. 


Encyclopedic Dictionary of Pyrotechnics 


Characteristic | Value fia) 


a) Code for reference source, see preface. 
Health information: TLV: none established. 


UN hazard classification: PSN: calcium nitrate; HC: 
5.1 — oxidizer (UN1454). 


CALCIUM OXALATE MONOHYDRATE — [CaC20.4°H20] 
— {CAS 5794-28-5} — (Also calcium oxalate; the 
mineral whewellite) 


Calcium oxalate monohydrate is a useful pyrotechnic 
burn-rate modifier as it retards burning by absorbing 
energy as it decomposes. It is also potentially useful 
as a glitter delay agent or as a flame color agent to 
produce orange flames. It is colorless as crystals and 
white as powder. 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV: none established. 


UN hazard classification: PSN: toxic solids, organic, 
n.o.s. (calcium oxalate monohydrate); HC: 6.1 — toxic 
substance (UN2811). 


CALCIUM OXIDE — [CaO] — {CAS 1305-78-8} — (Also 
lime, unslaked lime, burnt lime, fluxing lime, quick- 
lime or calcia) 


Calcium oxide is a reaction product of pyrotechnic 
compositions containing calcium metal or calcium- 
containing compounds. The reaction between calci- 
um oxide and water has been used as an alternative to 
pyrotechnic heating for self-heating food cans. It is 
colorless as crystals and white as a powder, when 
pure. Industrial-grade lime may be gray white to 
slightly yellowish. 
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Characteristic | Value ——|va) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 2 mg/m’; strong irri- 
tant. 


UN hazard classification: PSN: calcium oxide; HC: 8 
— corrosive (UN1910). 


CALCIUM RESINATE — {CAS 9007-13-0} 


Calcium resinate is occasionally used as a plastic- 
flow binding agent and pyrotechnic fuel. It is pro- 
duced by the reaction of rosin with calcium hydrox- 
ide at high temperature. Depending on the conditions 
during manufacture, calcium resinate is a somewhat 
variable mixture of calcium salts of resin acids, in- 
cluding abietic and pimaric acid. It is a tan to yellow- 
ish-white powder with a mild odor of rosin. 


Health information: TLV: none established. 


UN hazard classification: PSN: calcium resinate; HC: 
4.1 — flammable solid (UN1313). 


CALCIUM SILICIDE — [CaSiz] — {CAS 12013-56-8} — 


(Also calcium disilicide) 


Calcium silicide is a useful, but not common, pyro- 
technic fuel. It has been used in some fountain and 
gerb compositions to produce luminous sparks simi- 
lar to those produced by aluminum. It has also been 
used in some military-smoke compositions (see smoke 
generator, pyrotechnic), tracer-ignition compositions 
and some Goldschmidt reactions. Calcium silicide 
can be made by heating lime (calcium oxide) with sil- 
icon or by heating a mixture of calcium carbonate, 
silica and coke (mostly carbon) in an electric furnace. 
Calcium silicide is a gray-crystalline solid with a me- 
tallic luster and (depending on the purity and the par- 
ticle size) gray to black as a powder. 


Characteristic (a) 


a) Code for reference source, see preface. 
b) Insoluble in cold water; reacts in hot water. 
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Health information: TLV: none established. 


UN hazard classification: PSN: calcium silicide; HC: 
4.3 — dangerous when wet (UN1405). 


CALCIUM SULFATE, ANHYDROUS — [CaSOu,] — {CAS 
7778-18-9} — (The mineral anhydrite) 


Anhydrous calcium sulfate is a high-temperature oxi- 
dizer. It is used in strobe compositions and is occa- 
sionally used as a flame color agent to produce orange 
flame. Anhydrous calcium sulfate is colorless as crys- 
tals and white as powder. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 10 mg/m? (inhalable 
dust). 


UN hazard classification: not regulated. 


CALCIUM SULFATE DIHYDRATE — [CaSO4:2H20] — 
{CAS 10101-41-4} — (Also set plaster; the mineral 
gypsum). 


Calcium sulfate dihydrate is the material that forms 
when wet plaster of Paris sets hard and is thus the 
substance forming the nozzle or end plug produced 
using that material. It has also been used as a flame 
color agent to produce orange flame and may have 
potential as a high-temperature oxidizer. Calcium sul- 
fate dihydrate is colorless as crystals and white as 
powder. 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 10 mg/m? (inhalable 
dust). 


UN hazard classification: not regulated. 
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CALCIUM SULFATE HEMIHYDRATE — [CaSO4-°2H2O] 
— {CAS 10034-76-1} — (Also plaster of Paris) 


Calcium sulfate hemihydrate, as plaster of Paris, is 
useful for forming nozzles and end plugs in firework 
casings, as an alternative to clay. When made into a 
paste with water, it soon reacts to form a solid mass 
of calcium sulfate dihydrate. Calcium sulfate hemi- 
hydrate has also been used in some white military 
flares, where it acted as both an oxidizer and binder. 
Calcium sulfate hemihydrate is colorless as crystals 
and white as powder. 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 10 mg/m? (inhalable 
dust). 


UN hazard classification: not regulated. 


CALIBER -— (Also calibre) — The diameter of a projec- 
tile or the diameter of the bore of a weapon or 
launching tube (e.g., a 9-mm bullet or a 3-inch fire- 
work mortar). When a unit of measure is not speci- 
fied, the unit is generally in hundredths of an inch. 
For example, a 45-caliber bullet is 0.45 inch in diam- 
eter. For a rifled bore, the caliber is obtained by 
measuring the distance between the /ands and not the 
grooves of the rifled barrel. 


Sometimes the length of a gun barrel or launch tube 
is also specified (i.e., measured) in calibers. 


In_fireworks: The caliber of an aerial shell is ex- 
pressed as the inside diameter of the mortar it is in- 
tended to be fired from. For example, a 3-inch shell 
(with an actual diameter of approximately 2.7 inches) 
is intended to be fired from a mortar with an ID of 3 
inches. Some guidance for the proper length of fire- 
work mortars is also given as mortar caliber. For ex- 
ample, the typical minimum length for a firework 
mortar is 4 or 5 calibers (i.e., 4 or 5 times its ID). 


In rocketry: Caliber is usually the maximum diameter 
of the rocket’s body tube. It is used as a rule of thumb 
to prescribe an appropriate separation between a 
finned rocket’s center of gravity and center of pres- 
sure needed to achieve a reasonable degree of flight 
stability. For example, the center of pressure should 
be behind the center of gravity by at least one caliber 
(i.e., one body tube diameter). 
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CALIBRATION STANDARD - Physical items or pre- 
scribed protocols constituting the definition of units 
used in making measurements. 


primary standard — The single reference item or 
protocol used to precisely define a unit of measure- 
ment, and to which other standards are directly com- 
pared. For example, the primary standard for the kil- 
ogram mass was formerly a prototype made of a plat- 
inum and iridium alloy and kept in Sévres, France. 
Other national laboratories in various countries also 
kept similar masses that had been compared directly 
to this primary standard. On 20 May 2019, the kilo- 
gram was redefined with reference to the Planck con- 
stant, thus removing the need to keep a physical ob- 
ject as primary standard. 


secondary standard — A standard of measurement 
that is derived from a primary standard for a unit of 
measurement. For example, in the US, the kilogram 
#20, having been derived and calibrated by compari- 
son with the primary standard kilogram, was a sec- 
ondary standard. 


working standard — A standard of measurement 
derived from or calibrated with another standard 
more closely related to the primary standard. For ex- 
ample, the calibration mass provided with some 
scales and balances is considered to be a working 
standard. 


CALIBRE — See caliber. 


CALICHE — A loosely defined term that refers to two 
different types of geologic materials. Gravelly soil or 
rock, rich in nitrate salts that occur in desert regions 
of Chile and Peru may be described as caliche. Such 
caliche deposits are an important source of sodium 
nitrate, potassium nitrate and some iodine compounds. 
They also contain small concentrations of naturally 
occurring perchlorate salts. Additionally (and poten- 
tially confusingly), sedimentary rocks, consisting pre- 
dominantly of calcium carbonate, which occur as 
crusty deposits on or in the soil (normally in arid re- 
gions) may also be described as caliche. 


CALIFORNIA CANDLE — See fountain type (hand 
fountain). 


CALIPER — A type of instrument for measuring the di- 
mensions of relatively small items; for example, the 
ID and wall thickness of rocket motor tubes. Meas- 
urements to approximately 0.001 inch (0.025 mm) 
are easily made using modern calipers. 
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Around the middle of the 20" century, its most com- 
mon form was as the vernier caliper (shown below, 
upper), named for the French mathematician Pierre 
Vernier (1580-1637). 


This type of caliper used a vernier scale to make more 
precise measurements by allowing accurate interpola- 
tion between the finest scale increments. Later, the dial 
caliper became common (middle), and today the digi- 
tal caliper is becoming increasingly common (lower). 


CALOMEL — See mercury(I) chloride. 


CALORIE — (Symbol: cal) — A metric (but non-SJ) unit 


of thermal energy (i.e., heat) that was widely used in 
the past, for example, to report the heat generated in a 
pyrotechnic reaction. A calorie is defined as that 
amount of heat required to raise 1 gram of pure water 
1 degree Celsius starting at 15 °C (or sometimes at 
20 °C). 


While the unit calorie has generally been replaced by 
the joule, the SI unit for energy, even some recent 
texts continue to use the calorie as the unit for ther- 
mal energy. 


a ule | 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


b) The unit BTU = British thermal unit. 


food calorie — (Abbreviated Cal) — Another Calorie 
(with a capital C) was widely (and confusingly) used 
in the past. It is still used in some parts of the world 
(such as in the US) as a measure of the energy pro- 
vided by food. One Calorie equals 1000 calories or 1 
kilocalorie (kcal). 
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CALORIMETER — A device used for measuring ther- 
mal properties such as the enthalpy of reaction of a 
substance. 


CALORIMETER, BOMB -— (Also oxygen bomb calo- 
rimeter or Parr bomb calorimeter) — An instrument 
used for measuring the enthalpy of combustion of a 
substance (formerly described as heat of combus- 
tion). It was invented in 1899 by American chemistry 
professor Samuel Wilson Parr (1857-1931). The de- 
vice consists of a strong pressure vessel (described as 
the bomb, shown on the left below) into which a 
small sample (typically one gram) of the substance of 
interest has been added. In the example below, the 
sample is placed in the small cup (1) seen at the bot- 
tom of the interior view of the bomb calorimeter (on 
the right). Not as clear is a fine Nichrome wire con- 
necting the two electrodes (2), which is placed in 
contact with the sample and used to ignite it. 


When determining the enthalpy of combustion of a 
fuel, the pressure vessel is charged with an excess of 
oxygen gas. It is then immersed in an insulated bath 
containing a known amount of water, illustrated be- 
low. The fuel is then ignited electrically and reacts with 
some of the oxygen to produce thermal energy. The 
amount of thermal energy released is determined by 
measuring the temperature increase of the water bath. 


Temperature 


Electri 
pari Probe 


Ignition Line 


-<—— Mechanical 
Stirrer 


Insulated 
Container 


Water 


Sample 
Bomb 
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An example of an assembled bomb calorimeter is 
shown below: the insulated water container (1), the 
motor of the mechanical stirrer (2), a high sensitivity 
thermocouple (3), the thermocouple readout (4) and 
the power supply for the Nichrome igniter (5). 


A bomb calorimeter is calibrated by measuring the 
temperature increase produced by the combustion of 
a sample having a well-known enthalpy of combus- 
tion. Pure benzoic acid is often used for this purpose. 


The enthalpy of reaction of a pyrotechnic composi- 
tion or explosive can be determined, providing a suit- 
ably strong bomb is used. In these cases, an inert gas 
such as argon would typically be used to pressurize 
the bomb. 


CALORIMETRIC VALUE — The amount of heat evolved 


by the combustion of a pyrotechnic composition in a 
closed vessel (e.g., a bomb calorimeter). By conven- 
tion, the result assumes that any water formed during 
combustion is in the liquid state. Calorimetric values 
can be reported with any energy unit, but units of joules 
per gram (or with some multiplier) are now common. 


CAMBER - In aerodynamics, the convexity of the sur- 


faces of an airfoil from the leading edge to the trailing 
edge. The camber of each surface may be quantified 
as the maximum perpendicular distance between the 
surface and the chord line (a line connecting the lead- 
ing and trailing edges of an airfoil) expressed as a 
percentage of the chord length (illustrated below). If 
the camber is the same for each surface (as in a rocket 
fin) the airfoil is said to have symmetric camber. 
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I Chord Length 


Camber Trailing Edge 


Leading Edge 


A moderate degree of symmetric camber in a rocket 
fin reduces the aerodynamic drag force on the fin. 


CAMBRIC - A finely-woven linen or cotton cloth, the 
name derives from Cambrai, a city in northern France. 
Cambric is used in some pyrotechnic devices to make 
cloth pull tapes and for making primed cambric. 


primed cambric — An ignition transfer medium re- 
quired for some UN test protocols for pyrotechnic 
materials. It is also used in some military and com- 
mercial pyrotechnic devices for reliable transfer of 
fire from one pyrotechnic composition to another. 


Primed cambric consists of cambric fabric coated on 
both sides with a pyrotechnic composition, usually 
bound with gum Arabic. Suitable pyrotechnic com- 
positions are sulfurless Black Powder or the composi- 
tion known as SR 252, presented below. 


Ingredient Parts by Weight 


After the pyrotechnic coating has burned, the cambric 
leaves a residue of glowing carbonaceous material 
that further promotes the ignition of any adjacent py- 
rotechnic composition. 


Primed cambric has the disadvantage that the coated 
composition can abrade or flake off during handling. 
An alternative, which does not have that disad- 
vantage, is disclosed in a patent (US 4,903,604) is- 
sued in 1990. In this invention, cloth made from acti- 
vated fibrous carbon (i.e., charcoal cloth) is impreg- 
nated with potassium nitrate (with or without the ad- 
dition of picric acid) to form an ignition transfer me- 
dium that is at least as effective as primed cambric 
and much more resistant to mechanical damage. The 
invention has been used in military pyrotechnic gre- 
nades for promoting the transfer of fire from a burst- 
ing charge to pellets of pyrotechnic composition 
stacked within the body of the grenade. 


CAMPHOR -— [Ci9Hi6O] — {CAS 21368-68-3, 464-49-3 
or 464-48-2} — (Also camphire, laurel camphor, 2- 
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bornanone 1,7,7-trimethylbicyclo[2.2.1]heptan-2-on 
or 2-camphanone) 


Camphor was once used as an accessory pyrotechnic 
fuel and binder (e.g., in the Chinese version of the 
blue light marine signal). It was used as a plasticizer 
to convert nitrocellulose into celluloid (patented in 
1870 by John and Isaiah Hyatt, US 105,338). Cam- 
phor is a ketone that occurs naturally in the wood of 
the camphor laurel (Cinnamomum camphora) and 
some related trees; it is also made synthetically. It is 
colorless as crystals and white as a powder with a 
characteristic, fragrant, penetrating aromatic odor. 


Characteristic (a) 


(s) = sublimes slowly at room temperature. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 2 parts per million, 
PEL-TWA: 2 mg/m’. 


UN hazard classification: PSN: camphor, synthetic; 
HC: 4.1 — flammable solid (UN2717). 


CAMPING MATCH — See match, storm and match, wa- 


terproof. 


CANADIAN ASSOCIATION OF ROCKETRY — (Ab- 


breviated CAR) — An association established in 1965 
to promote amateur aerospace activities as a safe and 
educational recreational activity. The CAR sponsors 
rocket launches, establishes criteria for certification 
of flyers, and certifies commercial amateur rocket 
motors for use in Canada. The CAR has a reciprocal 
agreement with National Association of Rocketry and 
the Tripoli Rocketry Association under which mem- 
bers of each organization may fly motors within their 
certification range at launches sponsored by the other 
organizations in both Canada and the US. For more 
information see: www.canadianrocketry.org. 


CANADIAN EXPLOSIVES RESEARCH LABORATORY 


— (Abbreviated CERL) — The principal governmental 
explosives research laboratory in Canada. For more 
information see: www.nrcan.gc.ca/mms/cerl 
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CANADIAN FIREWORK CLASSIFICATION — See /ire- 
work classification (Canadian). 


CANADIAN STANDARDS ASSOCIATION — (Abbrevi- 
ated CSA) — A not-for-profit, membership-based as- 
sociation serving business, industry, government and 
consumers in Canada. It works to develop standards 
that enhance public safety and health; helping to pre- 
serve the environment; and facilitating trade. For 
more information see: www.csa.ca 


CANARD — A small fin or wing (often movable) for 
guidance near the front of a rocket or aircraft. In 
model rockets, as illustrated below, typically the ca- 
nard is not movable. 


: Fin Canard~ 


CANDELA — (Symbol: cd) — The base SI unit of /umi- 
nous intensity, where one candela equals one /umen 
(Im) per unit solid angle (1.e., per steradian, sr; thus 1 
cd = 1 Im/sr). By modern definition, the candela is 
the luminous intensity of a light source emitting 
monochromatic green light of frequency 540 x 10” 
Hz (wavelength 555 nm) with an intensity of 1/683 
watt per steradian. (The odd fraction was chosen so 
that the newly defined unit would essentially equal 
the old unit, the international candle, see below.) 


A common wax candle literally has a luminous inten- 
sity of approximately | candela, and a typical 100-watt 
light bulb has a luminous intensity of about 120 cd. 


international candle — Formerly, the unit of lumi- 
nous intensity, equal to 1/60 of the visible light pro- 
duced by a square centimeter of a black body at a 
temperature equal to the melting point of platinum. In 
1948 it was renamed the candela, which more recent- 
ly has been redefined as explained above. 


CANDELOLUMINESCENCE — See candoluminescence. 


CANDLE — A term with various definitions. (For exam- 
ple, see subheadings: wax candle, sparkle candle and 
trick candle in the entry candle, birthday cake.) 


In photometry: A candle is the basic unit of luminous 
intensity. See candela. 


In military pyrotechnics: A candle is an item that pro- 
duces smoke or light for a relatively long time, for 
example, a parachute flare may be described as a 
candle. 


In fireworks: Candle may be short for Roman candle. 
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CANDLE BATTEN or CANDLE BATTERY — See Roman 


candle battery. 


CANDLE, BIRTHDAY CAKE - Any of a collection of 


relatively small types of wax candle that may be 
modified to produce an added or special effect. Also, 
included are some items suitable for indoor use that 
can be used in place of traditional wax candles. Be- 
cause wax candles require atmospheric oxygen to 
burn, they are not pyrotechnic devices. 


wax candle — The typical non-pyrotechnic candle is 
composed of a stick (or block) of paraffin wax or tal- 
low as fuel that has a wick to transport the liquefied 
fuel into the flame where it is vaporized and burns in 
air. An example is shown below. 


The upper region of the candle flame is bright yellow 
because of the presence of incandescing carbon parti- 
cles produced by the under-oxygenated burning of 
the vaporized wax. 


sparkler candle (wax) — 


While shorter versions exist, 


one form of this type candle is 


constructed as a long, very thin 


candle (shown at the right). 


The wax surrounding the wick 
incorporates a small amount of | J} 
fine magnesium (or magnesi- 
um alloy). As the candle burns, 
magnesium particles become 


dispersed above and around 


the flame. When these individ- 


ual magnesium particles ignite, 


they produce tiny sparks as 


they burn in air. The small di- 


ameter of the candle causes it 


to burn relatively fast, such that 
the frequency of spark production is somewhat in- 
creased. The sparks are neither large nor dense but 
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are quite noticeable, especially when many candles are 
burning at the same time in a localized area, such as on 
top of a birthday cake. An example of a typical num- 
ber of sparks produced by this type of candle over an 
interval of approximately one second is shown below. 


trick candle — (Also self-lighting candle or magic 
candle) — A device constructed to appear like a nor- 
mal miniature wax candle, as commonly used on a 
birthday cake, but which will reignite after having 
been blown out. Two examples of trick candles are 
shown below. 


6 


Sparkler Candles =" 
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Like sparkler candles, these differ from ordinary wax 
birthday candles in that they have magnesium powder 
incorporated around the wick. In the close-up shown 
below, the gray specks seen in the area near the wick 
are the magnesium particles. 


—_ os Lf 


»: 


There are differences between trick and sparkler can- 
dles; while trick candles are the same size (i.e., length 
and diameter) as normal birthday cake candles, trick 
candles have a wick that is substantially larger in di- 
ameter. More importantly, its wick has not been 
treated with an anti-smolder chemical, so that the 
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wick continues to glow for some time after the flame 
has been blown out. The result is that during the peri- 
od of smoldering, a cloud of paraffin vapor develops 
in the area immediately around the glowing wick and 
when one of the magnesium particles is ignited by the 
glowing wick, the burning magnesium particle ignites 
the paraffin vapor, which in turn reignites the candle. 
This process is shown below in a series of images. 


SONS 


In the first image (upper left), the candle is burning 
normally. Next, the candle has been blown out, but the 
wick continues to smolder. In the third image (lower 
left), a magnesium particle has been ignited and is pro- 
pelling itself to the left. In the process, it has begun to 
rekindle the candle’s burning, which is completed in 
the final image. The last three images span a time in- 
terval of 0.1 second. The self-reignition of the candle 
can seem mysterious, which adds to its charm, espe- 
cially for children. Close observation of a glowing 
wick will soon reveal the mechanism of its reignition. 


These devices are not especially dangerous and as long 
as the wick is pinched, moistened or otherwise com- 
pletely extinguished. If this is done, there is no chance 
of a discarded candle spontaneously reigniting and 
causing a fire in a wastebasket or trash receptacle. 


colored-flame candle — The production of colored 
wax candle flames is made difficult by the incandes- 
cence of carbon particles present in the flame. This 
yellow light reduces the color purity of the flame. 
Other potential problems include: the accumulation 
of residues of the metallic salts added as colorants in 
the burned wick, leading to erratic burning and possi- 
bly premature extinguishing of the flame; and the un- 
even distribution of the salts added to the candle 
body, leading to inconsistent burning and color pro- 
duction, and the production of sparks. 


These problems were addressed in US Patent 
2,551,574 awarded to American inventor William M. 
Fredericks in 1951. This disclosed the use of perchlo- 
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rates of the color-producing metals, preferably in 
combination with modifiers such as various alcohols 
and amines which, according to the inventor, will 
‘modify and tame the fiery and unrestrained nature of 
the perchlorates, yet not interfere or decrease their 
output of color in the flame.’ Examples of suitable 
perchlorates were lithium or strontium perchlorate for 
red, barium perchlorate for green, copper perchlorate 
for blue and sodium perchlorate for golden. Suitable 
modifiers included glycerol, diethylene glycol and 
triethanolamine. Suitable waxes or wax substitutes 
included sorbitan monostearate, mannitan monos- 
tearate or mannitol. Candles were made from the mix- 
tures in the usual way. They were said to show a dis- 
tinct absence of sparks or flying particles and to dis- 
play practically a full color with little or no white 
flame to interfere with the color. 


One type of currently available colored-flame candles 
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For the most part, the color of these candles is not 
great and only appears in the tips of their flames, as 
shown below. 


Another item, intended to be used as a birthday-cake 
candle, does not use wax as its fuel. These items 
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(shown below) are approximately 0.5 inch (13 mm) in 
diameter and 3 inches (75 mm) long with a small spike 
at the bottom for use in mounting the item on a cake. 


__ 


These items are filled with a small amount of liquid 
fuel (presumably an alcohol) with colorants and are 
supplied with a cap and O-ring to seal the item prior 
to use. The approximate colors produced by these 
items are shown below. The images were adjusted 
somewhat to approximately replicate the actual col- 
ors these items produced. 


ili 
te 


Fast-Lite candles -— A series of 
common birthday cake candles, 
linked together by a fast and 
clean-burning fuse. The idea for 
this ignition system was patent- 
ed by Christian P. Myerchin in 
2001 (US 6,186,776). A product 
using this idea (Fast-Lite Birth- 
day Candles) is shown at right. 


The fast burning fuse in this 
case, as suggested in the patent, 
appears to be nitrocellulose as 
flash paper (see flash material). 
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The attachment to the fuse-strip is shown more clear- 
ly below, where the fuse strip has been folded accor- 
dion fashion and there is approximately 1.5 inches 
(38 mm) between each candle. 
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The igniting of a series of five candles is shown be- 
low. The process was initiated using a small butane 
torch, barely visible in the first (upper) image. The 
fuse burned in approximately 5 seconds and the can- 
dles became fully ignited soon thereafter. 


other candle-like items — Another small, candle- 
like item occasionally used on birthday cakes is the 
ice fountain. These devices are small, nitrocellulose- 
based fountains that burn to produce a spray of 
sparks, typically white but also yellow, and some- 
times with a colored flame as well. 


CANDLE COMPOSITION, CANDLE COMP and CANDLE 
FUSE — See Roman candle. 


CANDLE MINE — A firework consisting of a preloaded 
mine with a central Roman candle that acts as the de- 
lay element for the functioning of the mine. The Ro- 
man candle is manufactured without a plug at its bot- 
tom so that it communicates fire to the lift charge of 
the mine after the final star is ejected from the Ro- 
man candle. The basic components of a candle mine 
are illustrated below in cross section. 
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CANDLEPOWER — (Symbol: 


Roman Candle 


Upper Lift Disk 
Stars 
Lift Disk 


Lift Charge 
Plug 


This item may be used singly as a consumer firework 
or multiply in public firework displays (see candle 
mine front, below). As a display firework, a candle 
mine may be constructed with layers of forcefully 
compressed paper wadding on top of the upper lift 
disk. By so doing, the height of the mine effect can 
be increased. 


candle mine front — When candle mines are used 
in a firework display, they are normally fired as mul- 
tiple units (5 to 10 or more) positioned in a row 
across the front of the spectator viewing area and ig- 
nited simultaneously. As a display item, the mine is 
at least 3 inches (75 mm) in gta = 
diameter and, in the past, oc- 2 
casionally was as large as 12 
inches (300 mm). 


devil among the tailors — 
A candle mine with additional 
Roman candles fixed around 
the circumference of the mine 
case. A British example from 
the 1930s is shown at right. 


cp) — A now obsolete unit of 
light or /uminous intensity ex- 
pressed as the light emitted 
from a standard candle. Since 
the mid-20" century, the can- 
dlepower unit has been re- 
placed with the S7 unit cande- 
la, which is approximately 
equal to 1.02 candlepower. 


Photo credit: 
The Firework Museum 
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CANDLE, ROMAN -— See Roman candle. 


CANDLE SECOND — A unit of luminous energy that is the 
energy of one candela for a duration of one second. 


CANDLE, SPARKLE (nitrocellulose) — See ice fountain. 
CANDLE, SPARKLE (wax) — See candle, birthday cake. 
CANDLE WAX - See paraffins (paraffin wax). 


CANDOLUMINESCENCE — (Also candeloluminescence) 
— A form of incandescence, in which disproportion- 
ately more light is emitted in the shorter wavelength 
region than is predicted for a black or gray body. An 
example of candoluminescence is found in gas-light 
mantles, in which solid rare-earth oxides are heated 
in a gas flame and emit an intense white light. Anoth- 
er example is the historical limelight (or Drummond 
light) in which a brilliant white light was generated 
by allowing an oxy-hydrogen (i.e., hot) gas flame to 
impinge on solid calcium oxide. 


It is speculated that candoluminescence may play a 
role in the production of white light in some pyro- 
technic compositions. An example of a composition 
that seems to have been intended to exploit candolu- 
minescence is the modified Bengal Fire formulation 
(Dussance, 1864), presented below. 


Ingredient Parts by Weight 


It was stated that this mixture is ‘the best for white 
lights, being unsurpassed in brilliancy and power by 
any other’. The calcium oxide (i.e., burnt lime) had to 
be unslaked (i.e., not converted to calcium hydroxide 
by treatment with water), fresh and powdered imme- 
diately before use. A very similar formulation, identi- 
cal except for having 32 parts of potassium nitrate in- 
stead of 18, was published by Eschenbacher (1925). 


CANDY GLASS - See breakaway resin. 

CANDY MOTOR (rocketry) — A rocket motor in which 
the propellant includes a sugar-like fuel. Sucrose, glu- 
citol, erythritol and dextrose are all effective as com- 


bination binder and fuel in many such applications. 


CANE SUGAR - See sucrose. 
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CANISTER — A cylindrical container that holds sub- 
stances or items used to produce a desired pyrotech- 
nic effect. The term may also apply to an older type 
of artillery ammunition. 


In fireworks: Canister shell — See cylindrical aerial 
shell. 


CANNELURE -— This may refer to either the ring-like 
groove in the jacket of a bullet that provides a means 
to crimp the cartridge case securely to the bullet, or to 
the groove around the base of the cartridge case, 
where the casing extractor takes hold. 


CANNON (military) — A fixed or mobile weapon that is 
larger than small arms. A cannon launches its projec- 
tile by the action of a burning propellant in its bore. 
The term cannon may be used for a field-gun, how- 
itzer or breech-loading mortar. 


CANNON (special effect) — See cannon roll. 


CANNONADE and CANNONADE SHELL — See artillery 
shell and ground cannonade. 


CANNON CAR - See cannon roll. 
CANNON, CARBIDE — See carbide cannon. 


CANNON CRACKER — A once popular type of large 
firecracker; in today's vernacular, these would be de- 
scribed as salutes (see firecracker). Examples of Chi- 
nese firecrackers referred to as ‘cannons’ appear be- 
low on the label from a box of Chinese-style fireworks 
sold in Australia in the 1930s. Two sizes of cannon 
crackers are highlighted below on the left and toward 
the right. 


It is not possible to be specific as to how large a fire- 
cracker had to be before it was categorized as a can- 
non cracker, but the name seems to have been applied 
only to those crackers that had not been braided to- 
gether into strings. An article published in 1890 de- 
scribed the manufacture of cannon crackers in a sub- 
urb of Canton (now called Guangzhou). The crackers 
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were described as ‘bunched together like cigars turned 
on end’, which gives a rough idea of their size. 


In the late 19" century, certain enterprising individuals 
in the United States of America undertook the manu- 
facture of cannon crackers. According to American 
firecracker manufacturer Edmund Soper Hunt (1827-— 
1909), the first American manufacture of firecrackers 
happened in approximately 1880. Since then, wrote 
George Washington Weingart, cannon crackers “have 
caused, during their comparatively short career in 
America, the loss of more hands, arms, etc. to those 
firing them than all other kinds of pyrotechnical de- 
vices combined”. Domestic American manufacture of 
cannon crackers was encouraged by the imposition of 
a Government duty of approximately 100% on im- 
ported firecrackers, corresponding to a tariff of 4 cents 
per pound of firecrackers. Then, in 1890 the duty was 
increased to 8 cents per pound, equivalent to approx- 
imately 200%. The traditional Chinese production 
techniques were not adopted in the United States; in- 
stead, American-made cannon crackers were of the 
type patented in 1885 (US 321,833) by C. E. Masten. 
They were widely sold in the US in the late 19" and 
early 20" century. According to its description in a 
trade circular (shown below), these cannon crackers 
“".. create no fires, scatter no wads of burning paper, 
explode into atoms and produce a terrific noise ....” 


AMERICAN GANWON GRACKER. 


No, 3. —8% in, long, 11¢ in. diameter. 5 Crackers In hox. 


No. 2,—7'5 in. long, 134 in. dinmeter. 10 Crackers in box, 
No. 1. 


No. {,—5'! in. long, 7¢ in. diameter, 20 Crackers in box. 


No. O. 


Photo Credit: Hagley Museum 


These American cannon crackers were manufactured 
in a variety of sizes (see below) and once had a sug- 
gested retail price of $1.00 (US) per box, independent 
of size. 
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Length Quantity 
Size @») | (in.) | (mm)} (in.) | (mm)| Per Box 


2 


Unfortunately, the exact nature and quantity of the pyro- 
technic content of various sizes of cannon crackers is 
unknown. 

In 1894 an American manufacturer, Charles Gerhard of 
Greenville, N.J., also made a smaller cannon cracker in 
the range (2.5 inches (62.5 mm) long x 0.5 inches (12.5 
mm) in diameter). Some later cannon crackers were as 
long as 13 inches (330 mm) and it seems to have be- 
come customary at the time to refer to the smaller de- 
vices, those less than 4 inches in length, as ‘salutes’ ra- 
ther than ‘cannon crackers’. 


io 
aS 


It is possible that this was the first consumer firework 
to display the warning “CAUTION — Do not hold in the 
hand ...”, which was printed on each cannon cracker. 


The American cannon crackers, described in US Pa- 
tent 321,833, had clay end closures. Clay was tamped 
around the fuse on one end of the device; the other 
end was closed with a plug consisting of a paper tube 
charged with clay and glued in place. In other Ameri- 
can cannon crackers, the end opposite the fuse was 
closed with a cork, or with a thin wooden disk, glued 
in place. In the cannon cracker of US Patent 321,833, 
the igniting fuse was a string-like length of twisted 
touch paper coupled internally to a length of black 
match. Accidents occurred when people approached a 
cannon cracker that had failed to explode for some 
time after the fuse had been lit, but then unexpectedly 
exploded. To provide a positive indicator that the ig- 
nition process was happening properly, American 
John Robert Hinton disclosed (US Patent 619,177) a 
cannon cracker in which the external fuse ignited a 
column of whistling composition, which in turn fired 
the explosive charge in the cracker. Other cannon 
crackers were provided with a length of Bickford- 
style fuse, or visco fuse, extending through the clay 
plug into the explosive composition. 


Some processes involved in the American manufac- 
ture of cannon crackers in the late 19" century are il- 
lustrated farther below. 


In preparation for making the tubes, a stock of straw- 
board is cut to the needed width and length. In the 
first drawing, upper left, after applying glue to the 
strawboard, the cannon cracker tubes are being rolled 
around a properly sized metal rod. Also, shown is a 
glue pot to the left and a tray of rolled tubes to the 
right. The tubes are left to air dry for a few days be- 
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Illustration Credit: Scientific American, 1894. 


fore proceeding. In the second drawing, upper right, 
long lengths of a spun fuse are being cut and formed 
into bundles. In the third drawing, a bundle of fuses 
is being cut to the length needed for fusing individual 
cannon crackers. In the fourth drawing, a set of dried 
tubes have been placed onto a nipple board for form- 
ing a compacted clay plug with a length of fuse run- 
ning through it. In the fifth drawing, the fused tubes 
have been inverted and placed into a loading board 
and are being filled with an increment of explosive 
composition. In the final drawing, the remaining open 
end of the tubes are being sealed using a preformed 
cork or thin pine plug glued into place. The final step 
in the manufacture of cannon crackers (not shown) is 
the gluing on of an outer decorative wrap of paper, 
typically red in color. 


Cannon crackers were charged with either Black 
Powder or a special cannon cracker powder. Three 
formulations are presented farther below. At present, 
mixtures such as these are no longer used commer- 
cially because they are too sensitive to accidental ig- 
nition from mechanical action, especially friction. 


Cannon crackers have not been articles of commerce 
in the US for many years, but their image continues 
to survive yearly around Independence Day (July 4") 
in a wide range of advertising. 
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Formulation —|Parts by Weight 


Ingredient | 


1) Weingart, 1947. 2 and 3) Donner, 1997. 
CANNON FUSE - See visco fuse. 


CANNON POWDER - See Black Powder grade (mili- 
tary grade, historical) and (sporting grade). 


CANNON ROLL (special effect) — A special effect stunt 
in which a vehicle (usually described as a cannon car) 
is forced into the air and flipped over simulating its 
response to an explosion or other forceful event. To 
accomplish this effect, the vehicle will have been ex- 
tensively modified, including the installation of a 
cannon roll mortar. 


cannon car — A vehicle fitted with a cannon roll 
mortar and otherwise modified to be able to perform 
a cannon roll stunt safely (illustrated below). 


Cannon Roll 
Mortar 


Steel Support 


cannon roll mortar — (Also cannon) — A device 
used to produce the cannon roll ofa vehicle. Depending 
on the vehicle being used, a cannon roll mortar will 
typically be a thick-walled steel pipe 8 to 12 inches 
(200 to 300 mm)in diameter and 2 to 3 feet (0.6 to 0.9 m) 
long. Inside the mortar is a wooden pole with a steel 
plate near the closed end that acts as a piston. Histori- 
cally (as in the illustration farther below in cross sec- 
tion), a hard-wrapped Black Powder bomb would be 
located between the closed end of the mortar and the 
piston end of the pole. 


One method to hold the pole in place prior to its be- 
ing fired from the mortar would be to drive 2 or 3 
small nails through holes in the steel mortar and into 
the wooden pole. When the Black Powder bomb is 
fired, it forces the wooden pole from the mortar, 
pushing on the ground below the vehicle, thus forcing 
the vehicle into the air and causing it to flip over. 


Encyclopedic Dictionary of Pyrotechnics 


Black Powder 
Bomb 


Steel Piston 


Firing Wires 


Telephone Pole 


| |<—_—_ Cannon Roll 
Mortar 


In recent years, in place of the Black Powder bomb, it 
is increasingly common to use an air mortar piped 
into the closed end of the mortar. The choice of air 
cannon pressure and the diameter of the piping can 
provide a high degree of control over the cannon roll 
effect produced. Also, the wooden pole may be re- 
placed with a steel piston. 


CANNON SIMULATOR (preload) — A pyrotechnic spe- 
cial effect device that produces a concussion effect, 
sounding somewhat like a cannon firing. An example 
is shown below. 


ai 


anwig uomued 


SOeeeRGS ert itt HHH 
These devices commonly propel a charge of an ex- 
tremely metal-fuel-rich powder into the air, where it 
undergoes what is essentially a fuel-air explosion and 
it leaves the cannon simulator tube fully intact. The 
internal construction of one such device is illustrated 
below in cross section. 


Paper Tube 


Paper Closure 
Powder Charge 


Plastic Plug 
Hot Melt Glue 


Electric Match 
Leg Wires 


In the device illustrated above, there is no separate 
propelling charge other than that of the electric match 
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(functioning through a small hole in the plug in the 
bottom of the device) and the cannon simulator powder 
itself. The functioning of this device is shown below. 


The primary explosive effect appears to occur above 
the device, which was positioned on the floor. 


The instrument seen to the left of the explosion is a 
free field blast gauge, which was positioned approx- 
imately 3 feet (1 m) above the ground and used to 
measure the air-blast pressure produced. The sound 
pressure level from this device (with its 0.25-ounce, 
7-gram powder load) was found to average approxi- 
mately 155 dB (peak-linear, see sound pressure level 
measurement) at 10 feet (3 m). 


CANNON, TOY — See carbide cannon and firecracker 
cannon. 


CANNULA — See canulle. 


CANOPY, PARACHUTE — See parachute (parachute 
canopy). 


CAN SHELL -— See cylindrical aerial shell. 


CANT — The leaning or tilting to one side of any object. 
For example, a firework mortar rack can be canted to 
enhance a pyrotechnic display by aiming shells into 
otherwise unused areas of the sky. 


CANTED NOZZLE — A nozzle in which its center line is 
not parallel with the center line of the main body of a 
rocket. In some cases, the whole rocket motor is 
canted or angled to achieve a similar effect. 


CANULLE — (Also canula or cannula) — A thin tube, of- 
ten metal, used to create a core break by making a 
central cylindrical space for the loading of a break 
charge in the center of the stars or other effects dur- 
ing the construction of a cylindrical shell. The canulle 
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is first inserted into the center of the shell casing, and 
then stars or other effects are placed between it and 
the wall of the shell casing. Next, the break charge is 
poured inside the canulle. Finally, the canulle is care- 
fully removed leaving the central core area of the 
shell filled with the break charge. The central place- 
ment of the break charge aids in achieving burst 
symmetry of an exploding cylindrical shell. 


CAP -Refers to several different items. In manufactur- 
ing, a cap is a device used to close or seal an opening 
(e.g., an end cap). As a completed device, a cap may 
describe a small container of some type (some of 
which are or were similar to an end closure cap), 
filled with a small quantity of explosive or pyrotech- 
nic composition. This type of device is designed to 
explode or inflame when initiated by impact or an- 
other stimulus. Various items falling under this defi- 
nition include percussion primers, detonators, toy 
caps and small-arms primers). 


CAPACITANCE — (Symbol: C) — In general, the ability 
of a conductor to store an electric charge (or energy) 
when a given voltage is applied. In an electrical cir- 
cuit, capacitance is the ratio of the charge on either of 
the two conducting surfaces of a capacitor to the dif- 
ference in potential between these surfaces. The SI 
unit of capacitance is the farad (more typically micro- 
farad or picofarad). Expressed as an equation, capaci- 
tance (C) is the charge (Q) divided by the applied 
voltage (V): 


a0 
; 


The energy supplied (£) in electrostatic discharge 
sensitiveness testing (see ignition sensitiveness) is a 
function of the capacitance (C) of the capacitor used 
and the voltage (V) to which it is charged: 


1 
E=-C-V’ 
2 
CAPACITIVE DISCHARGE FIRING UNIT -— See firing 
unit, capacitive discharge. 
CAPACITOR — (Also condenser) — A device for storing 
an electric charge. A capacitor is said to have a ca- 
pacitance of one farad when a potential difference of 


one volt imposes a charge of one coulomb of electric- 
ity on it. 


CAPA MORTE -— See ground salute (gabe morte). 
CAP CANE - See foy cap cane. 
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CAP CRIMPER -— See crimping tool. 


CAP DART and CAP GUN - See toy cap dart and toy 
cap gun. 


CAP GUN, RING — See magic device. 


CAPPED FUSE - A length of blasting safety fuse with 
a detonator crimped onto its end, as shown below. 


CAPPING — Jargon sometimes used to describe the pro- 
cess of inserting a detonator (i.e., cap) into a charge 
of high explosive. 


In fireworks: An occasionally used term to describe the 
use ofaroll of kraft paper or aluminum foil to connect 
several fuses together in a spark-proof joint. It may 
also occasionally be used as a synonym for nosing. 


CAPRICE WHEEL — See wheel type. 


CAP-SENSITIVE EXPLOSIVE MATERIAL — (Also det- 
onator sensitive) — An explosive that can reliably be 
initiated by an IME No. 8 test detonator when uncon- 
fined. 


CAP SENSITIVENESS - (Also cap sensitivity) — A 
measure of an explosive’s ability to be initiated (det- 
onated) by a detonator, specifically an IME No. 8 test 
detonator. Explosives are either cap sensitive or cap 
insensitive. One cap sensitivity test is the Hess test 
(see explosive output test). Additional information on 
an explosive’s sensitiveness to shock initiation can be 
determined by using a gap test. 


CAP SENSITIVENESS TEST — See explosive output 
test (Hess test). 


CAPSULE (special effect) — Generally, a large, various- 
ly-sized, gelatin capsule such as might be used in 
veterinary medicine. Some examples of empty cap- 
sules are shown below. 
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Once prepared, capsules are most commonly used by 
propelling them at high speed to impact a targeted 
surface using a capsule gun. 


The filling in capsules consists of a range of materials 
to produce various special effects in motion picture 
and television productions. For example, a dust hit 
simulates a non-spark-producing impact from a bullet 
or other projectile. It can be produced by filling a 
capsule with Fuller’s earth or zeolite, which can be 
colored as needed with cement pigments. A zirk hit 
simulates a spark-producing impact from a bullet or 
other projectile. It can be produced by filling a cap- 
sule with a combination of coarse sand grains and fi- 
ne zirconium powder. A Vaseline™ hit can be used 
to simulate the penetration of a bullet or other projec- 
tile through glass or transparent plastic. It can be pro- 
duced by filling a capsule with petroleum jelly and a 
circular dot of black paper or plastic. 


Occasionally Sweeny balls may be described as cap- 
sules or Sweeny capsules and are used in a Sweeny gun. 


CAPSULE GUN -— (Also pneumatic capsule launcher, 
Morton gun or Taylor gun) — A compressed-gas op- 
erated gun used to propel gelatin capsules to produce 
various special effects. An example of a capsule gun 
with a close-up showing the cylinder into which the 
capsules are loaded is shown below. 


Occasionally a Sweeny gun may be referred to as a 
capsule gun. 


CAPTIVE TEST (rocketry) — (Also captive test firing) -A 
test conducted while a rocket or rocket motor/engine 
is restrained in a test fixture. If the rocket or rocket 
motor/engine is held at a full fixed position, the test is 
likely to be described as a static test. In other instanc- 
es, the entire vehicle may be restrained during the 
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test. For example, in the case of a rocket mo- 
tor/engine, it may be restrained in a spin or centrifuge 
holding device to more nearly simulate flight condi- 
tions. In other captive tests, the rocket motor/engine 
may be attached to a carriage on rails and allowed to 
travel some distance down the track. 


CAP TORPEDO — See torpedo, firework (Japanese tor- 
pedo). 


CAR - Abbreviation for Canadian Association of 
Rocketry. 


CARBAMITE — See ethyl centralite. 
CARBAZOTIC ACID — See 2,4,6-trinitro-phenol. 


CARBIDE — A class of binary chemical compounds 
formed between carbon and a less electronegative el- 
ement (usually a metal). There are three types of car- 
bides (salt-like, interstitial and covalent). 


Salt-like carbide: A salt-like carbide is one formed 
between carbon and a chemical group I, II or II met- 
al and that reacts with water to form methane or acet- 
ylene gas. A common salt-like carbide is calcium 
carbide [CaC2], which reacts with water to form acet- 
ylene gas [C2H2] and calcium hydroxide [Ca(OH),]: 


CaC2 + 2H2xO0 > C2H2 + Ca(OH)2 


Calcium carbide was once used as a source of acety- 
lene in portable lamps used by cavers and miners, as 
well as in the headlamps of early motor vehicles. It is 
still used as the fuel source in toy carbide cannons. 


Another example of a salt-like carbide that produces 
a flammable gas on contact with water is aluminum 
carbide [Al4C3], which reacts with water to produce 
methane gas [CH]: 


AliC3 + 12H20 > 3 CHy + 4 Al(OH)s 


In one theory for the chemistry of firework glitter, 
aluminum carbide is speculated to be the fuel respon- 
sible for the glitter flash reaction. 


Interstitial carbide: An interstitial carbide is a hard, 
refractory, metal-like substance formed when carbon 
atoms occupy spaces in the crystal lattice of a metal. 
A well-known example is tungsten carbide [WC], 
which is used in tools for machining metals and ce- 
ramics. The iron carbide [Fe3C], described as cement- 
ite, present in steel and cast iron, is intermediate in 
properties between the salt-like and most other inter- 
stitial carbides. It is associated with the production of 
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branching sparks when steel or cast-iron filings burn 
in air, as produced by gerbs and sparklers. 


Covalent carbide: A covalent carbide is a hard, brittle, 
refractory solid, somewhat similar to diamond, an ex- 
ample is silicon carbide [SiC], which is an abrasive. 


CARBIDE CANNON — A type of toy cannon in which cal- 
cium carbide and water react to produce acetylene gas, 
which accumulates in a combustion chamber where it 
mixes with air. Upon ignition, the cannon produces a 
loud bang and can launch a cork or similar projectile a 
substantial distance. A currently-manufactured toy car- 
bide cannon is shown below. 


There are two ports into the combustion chamber, 
which have been opened (shown below) and the nor- 
mally attached components (1 and 3) have been placed 
next to the cannon. 


The cannon is fired by first adding water to the com- 
bustion chamber. Then an increment of calcium car- 
bide [CaCz2], which has been previously loaded into the 
upper compartment of the attachment (1) shown above 
on the right, is loaded into the combustion chamber 
by pressing in the brass-capped rod (2). When the 
calcium carbide contacts the water in the combustion 
chamber, acetylene gas [C2H2] begins to be produced: 


CaCxs) + H20Wd) > CoHag) + Ca(OH)rQaq) 


After a brief period, enough acetylene gas has been 
produced and mixed with the air in the combustion 
chamber. The cannon is then ready to be fired using 
the attachment (3) shown above on the left, which is 
constructed much like the flint (i.e., mischmetal) and 
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striker of a cigarette lighter. Ignition (i.e., explosion) 
of the gas mixture is accomplished by first pulling up 
the upper brass-capped rod (4), then forcefully push- 
ing it back down to produce a spray of incendive 
sparks into the combustion chamber. 


Historical: Carbide cannons have a long history as a 
toy. Examples of three cannons (6F-Field guns) are 
shown below. They changed little over an extended 
period of their manufacture. 


Photo Credit: Forrest Rhoads 


The black cannon (left) is of the earliest production and 
dates to early in the 20" century. The middle cannon 
dates to 1936; the cannon on the right dates from 1958. 


A carbide cannon (10FC-Field Artillery) introduced in 
1935 is shown below. The loading and firing mecha- 
nism is the same as in the example of a current- 
production cannon (discussed previously). 


Photo Credit: Forrest Rhoads 


The final example is a carbide gun (a G-Gun), of which 
very few were made and went out of production in 
1936 shown below. 


Photo Credit: Forrest Rhoads 


CARBIDE LAMP - (Also miner’s lamp) — A lamp 


fueled with acetylene produced by the reaction of 
calcium carbide and water. A carbide lamp, as origi- 
nally used in mining, is shown below. 
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Photo Credit: David Johnson (www. miningartifacts.org) 


In these lamps, water drips on the calcium carbide and 
reacts to form acetylene, which is burned to produce an 
illuminating flame. The internal construction of such a 
lamp is shown below. 


Photo Credit: David Johnson (www. miningartifacts.org) 


The calcium carbide is contained in a chamber located 
near the bottom top of the unit (A), whereas the water 
is contained in a chamber near the top of the unit (B). 
The flow of water is controlled by a valve (C), which 
can be adjusted using a lever (D) at the top of the 
unit. The acetylene emanates from a bummer tip (E) 
where burns in air. 


While these lamps were used in coal mines, they were 
dangerous because flammable methane gas was often 
present. Carbide cap lamps and hand lamps were used 
in hard rock mines rather than coal mines. Carbide 
lamps have also been used as vehicle headlamps and 
even as military searchlights. Carbide lamps contin- 
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ued to be used extensively as miner’s cap lamps and 
by cavers until they were eventually replaced by elec- 
tric lamps. For many years, they were considered su- 
perior to electric lamps for caving, being much more 
durable and economical than the early (pre-LED) bat- 
tery-powered lamps. 


CARBINOL — See methanol. 
CARBO LIGNI — See charcoal, wood. 


CARBON — [C] — {CAS 7440-44-0} 


Some amorphous forms of carbon (e.g., carbon black) 
are used as pyrotechnic fuels. Carbon is a nonmetallic 
chemical element, atomic number 6. It also exists in 
two common crystalline forms, diamond and graphite. 
Various carbonaceous materials such as coal, coke and 
charcoal are sometimes described as forms of amor- 
phous carbon, but they are better described as carbon- 
rich materials rather than as forms of the chemical el- 
ement. The physical and chemical properties of the 
different forms of carbon are so different that it is 
meaningless to specify a pyrotechnic ingredient as 
‘carbon’ without further description. 


Characteristic (a) 


(s) = sublimes. 
a) Code for reference source, see preface. 
b) Density: diamond = 3.5 g/cm?; graphite = 2.2 g/cm?. 


Health information: Amorphous carbon, see carbon 
black. 


UN hazard classification: not regulated. 


CARBONATE ION — [CO;* ] — The anion of carbonic 
acid [H2COs3] with an electric charge of negative two. 
Alkali metal carbonates are soluble in water, whereas 
those of almost all other metals are insoluble. The 
carbonate ion reacts with acids [H30"] to form carbon 
dioxide [CO2] and water: 


CO;7 + 2H30* > COxyg) + 3 HO 


In fireworks: The carbonates of calcium, strontium, 
barium, copper and sodium are used as flame color 
agents (see colored flame chemistry). They are useful 
in compositions containing potassium chlorate, as 
carbonates can stabilize the composition by prevent- 
ing it from becoming acidic. 
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In explosives: Potassium carbonate (along with potas- 
sium nitrate and sulfur) is a component of the histori- 
cally interesting explosive yellow powder (see pow- 
der). 


CARBON BLACK — [C] — {CAS 1333-86-4} 


Some carbon blacks (e.g., lampblack) are used as pyro- 
technic fuels and in the production of spur fire and 
senko-hanabi. Also, when used in conjunction with 
dross-producing ingredients in star and comet compo- 
sitions, it can produce dense, long-lasting trails of or- 
ange sparks. Carbon black is an amorphous, quasi- 
graphitic form of carbon obtained by burning gas, oil, 
tar or other carbonaceous material in an insufficient 
amount of air for complete combustion. Carbon blacks 
are finely divided powders that are black in color. 


Characteristic (a) 


Electronegativity 
Sc 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 3.5 mg/m’ (inhalable 
dust); IARC-2B: possibly carcinogenic to humans. 


UN_hazard classification: PSN: carbon, animal or 
vegetable origin; HC: 4.2 — spontaneously combus- 
tible (UN1361). 


Source: Carbon black is made in large quantities by 
the incomplete combustion of carbon-rich materials. 
Varieties of carbon black are often differentiated by 
identifying the fuel used or some aspect of the manu- 
facturing method. 


e Acetylene black is made by the thermal decomposi- 
tion of acetylene. It is the most highly crystalline 
form of carbon black and is of high purity. 


e Gas black is made by burning natural gas and can be 
further differentiated: 


oFurnace black is made by the incomplete com- 
bustion of natural gas, or a mixture of gas and 
oil, in a furnace. The carbon produced is col- 
lected by electrostatic precipitation. 


oChannel black is a material having extremely 
small particle size and is made by impinging the 
smoke of burning natural gas on cooled steel 
channels. The deposited carbon is continuously 
scraped from the surface of the channels. 
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e Lampblack is made by the incomplete combustion of 


various fats, oils, tars and resins and has a composi- 
tion 1s somewhat variable, but it normally contains 
approximately 95% carbon, the balance being volatile 
matter. 


e Vegetable black, confusingly, can refer to two differ- 


ent types of carbonaceous materials. One of these is a 
type of carbon black made by the same process as 
lampblack, but with vegetable oil as the starting ma- 
terial. In this process, the sooty combustion products 
from the burner pass through a series of chambers in 
which the soot is collected. The heavier soot sepa- 
rates in the first chamber and is sold as lampblack. 
The finest soot, collected in the last chamber, is sold 
as vegetable black. It is almost pure carbon (99% or 
more), the balance being volatile material (e.g., water) 
sometimes with a trace of ash. The name vegetable 
black is also applied to various types of activated 
charcoal, prepared as finely divided powder for use 
as pigment or as a filler. In some countries (but not 
the US) vegetable black is approved as a food addi- 
tive. 


e Other carbonaceous materials described as ‘blacks’ 


are very different from carbon blacks. The material 
described as animal black or animal charcoal, which 
is made by heating bones or other animal remains, is 
of no use as a pyrotechnic fuel. Its carbon content 
varies greatly, between 15 and 75%, the remainder 
being ash and water. Ivory black was a form of ani- 
mal charcoal, containing about 17% carbon, made by 
charring ivory. It was used as a pigment. Vine black 
was a pigment made by grinding grapevine charcoal 
to a fine powder. 


CARBON BRIDGE -— An igniter that consists of a small 


amount of carbon as a resistive element between two 
electrical conductors. This type of igniter is used in 
some specialty applications, mostly in military devices. 


In some cases, a small wattage carbon resistor (often 
coated with a pyrotechnic prime) may be used as an 
inexpensive, hand-made carbon bridge igniter, in 
place of an electric match. While these devices work 
reasonably well, they require substantially more cur- 
rent to fire than conventional electric matches. 


CARBON COATING — The application of a thin coat of 


carbon to non-convective specimens prior to imaging 
in a scanning electron microscope. This helps prevent 
specimen charging that tends to distort the images 
produced. Many of samples in the electron micro- 
graphs in this text were carbon coated. 
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CARBON DIOXIDE — [CO2] — {CAS 124-38-9} — (Also 
carbonic anhydride) — (Abbreviated LCO2 when liq- 
uefied) 


Carbon dioxide is a product of the pyrotechnic com- 
bustion of carbonaceous fuels under conditions of an 
adequate supply of oxygen. It is one of the two com- 
mon oxides of carbon, the other being carbon monox- 
ide. When liquefied, carbon dioxide is used in liquid 
carbon dioxide (i.e., cryogenic) fog machines for spe- 
cial effect fog production. Carbon dioxide is a color- 
less gas with a very slight sour odor. 


Characteristic (a) 


(s) = sublimes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 5000 parts per million. 


CARBON MONOXIDE — [CO] — {CAS 630-08-0} 


Carbon monoxide is a product of the pyrotechnic 
combustion of carbonaceous fuels under conditions 
of an oxygen deficiency. It is also a gaseous fuel, 
and, as such, may contribute to after burning in rock- 
et plumes and special effect flame projectors. Carbon 
monoxide is one of the two common oxides of car- 
bon, the other being carbon dioxide. Carbon monox- 
ide is a colorless, odorless and extremely toxic gas. 


Characteristic (a) 


generating carbon monoxide gas for the humane de- 
struction of burrowing animals in their dens. Origi- 
nating in the work of Peter J. Savarie and his col- 
leagues at the US Fish and Wildlife Services in 1980 
the device has been commercialized as Den-Co-Fume® 
cartridge and has been widely applied for the destruc- 
tion of foxes, coyotes and other burrowing vermin. 


The device consists of a strong cardboard cartridge 
loaded with a mixture of sodium nitrate and wood 
charcoal, the latter being well in excess of that re- 
quired for the reaction below. 


2 NaNO; + 4C > NaoxCO3 + 3CO + No 


An example of the pyrotechnic formulation (Savarie 
et al., 1980) used in these devices is presented below. 


Ingredient Parts by weight 


When ignited, the cartridge generates a mixture of 
carbon monoxide and nitrogen. This gas mixture, be- 
ing essentially free from irritants, is said to cause the 
quick and painless killing of the target animals. In 
use, the cartridge is fitted with a suitable length of 
blasting safety fuse or visco fuse and is inserted into 
the entrance to the burrow. The entrance is then 
plugged with earth, and the fuse is ignited. Alterna- 
tively, the cartridge may be ignited in a purpose- 
made box from which the emitted gas is fed into the 
burrow with a flexible hose. A caged animal may be 
humanely killed by placing its cage in a strong plastic 
bag, which is then filled a with the carbon monox- 
ide/nitrogen mixture from a pyrotechnic generator. 


For other pyrotechnic devices with similar applica- 
tions, see rodent gas bomb. 


CARBON HEXACHLORIDE — See /exachloro-ethane. 


CARBONIZATION — See pyrolysis. 


CARBON TRICHLORIDE — See hexachloro-ethane. 


(s) = sublimes. 


CARBOXY-BENZENE — See benzoic acid. 
a) Code for reference source, see preface. 


CARBOXY-METHYL-CELLULOSE — See sodium car- 


Health information: TLV-TWA: 25 parts per million. bowery veliilose: 


Carbon monoxide combines with hemoglobin in the 
blood to form carboxyhemoglobin, which disrupts 


; CARBOXY-TERMINATED POLYBUTADIENE - 
oxygen transport and delivery throughout the body. 


[(CaH4)n(C2H204)2] — {CAS 68441-48-5} — (Abbre- 
viated CTPB) — (Also carboxyl-terminated polybuta- 
diene, 1,3-butadiene homopolymer or carboxy termi- 
nated) 


CARBON MONOXIDE GENERATOR, PYROTECHNIC 
— (Also carbon monoxide fumigant cartridge or Den- 
Co-Fume® cartridge) — A pyrotechnic device for 
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Carboxy-terminated polybutadiene is a polymeric 
material used as the fuel and binder in some compo- 
site rocket propellants, see propellant type. It can also 
be used as the fuel and binder in some composite, 
colored-star compositions. Carboxy-terminated poly- 
butadiene can be further polymerized (i.e., cured) us- 
ing cure agents such as isophorone diisocyanate (IPDI). 
The physical properties of the cured rubber can be 
modified using plasticizers such as dioctyl adipate 
(DOA). Carboxy-terminated polybutadiene is a color- 
less viscous liquid. 


Structural 
formula: 


Health information: TLV: none established. 


UN hazard classification: not regulated. 
CARBURET - See carbide. 


CARCINOGEN — A chemical substance that is known 
or strongly believed to cause cancer. Unfortunately, 
only a tiny fraction of the chemicals in commerce 
have been tested for cancer-producing effects. The 
number of proven carcinogens in humans is compara- 
tively small, but many more chemicals are suspected 
to be human carcinogens based on animal tests or the 
chemical’s structure. 


A material safety data sheet (MSDS) for a substance 
should always contain the cancer ratings from the In- 
ternational Agency for Research on Cancer (IARC) 
and other national organizations. There is no safe lev- 
el of exposure to a carcinogen and exposure should 
always be kept as low as possible. 


CARDBOARD CUTOUT METHOD - See center of pres- 
sure. 


CARD GAP TEST -— See gap test. 

CARPENTER’S GLUE — A type of aliphatic resin ad- 
hesive that is stronger version of common white glue. 
It is frequently used in furniture and building con- 
struction and can be recognized because it is yellow- 
ish tan in color instead of being pure white. 


CAR ROLL — See cannon roll. 


CARRY BOX — See day box. 
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CARTESIAN COORDINATES (mathematics) — A coor- 
dinate system in which the location of points in space 
are expressed by reference to three planes, described 
as the coordinate planes, at right angles (1.e., orthogo- 
nal) to each other. The intersections of the three planes 
are straight lines described as the coordinate axes. 


Named for the French philosopher and mathematician 
René Descartes (1596-1605), Cartesian coordinates 
are used to express rocket trajectories and aerial shell 
ballistic calculation results. 


CARTRIDGE — An individual closed container contain- 
ing a material that is not intended to be removed from 
the container during use. 


In explosives: — (Also stick or plug) — A cartridge is a 
rigid or semi-rigid, pre-formed unit of high explosive 
wrapped to a predetermined diameter and length. An 
example of some cartridges (1.e., sticks) of gelatin 
dynamite is shown below. 
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Photo credit: David Johnson (www. miningartifacts.org) 


Cartridges of explosives 
can be much larger in 
size. Shown on_ the 
right is a 5-inch (125- 
mm) cartridge (plastic 
bag) of ANFO being 
loaded into a blast hole. 
The use of such car- 
tridges is especially use- 
ful when loading into 
blast holes with water in 
them. 


In firearms: A cartridge 
is a complete round of 
small-arms = ammuni- 
tion. It consists of a car- 
tridge case fitted with a 
primer (not visible below), a bullet (typically made of 
lead) and filled with propellant (typically some type of 
smokeless powder.) 


Photo credit: Austin Explosives 
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The term cartridge is an anachronism dating to the 
period in the early development of firearms when a 
pre-measured amount of Black Powder was supplied 
in a paper cartridge, to shorten the time required for 
loading or reloading a firearm. Today, it is common, 
although incorrect, to refer to a cartridge as a bullet. 


In UN transportation requlations: Cartridge is a gener- 
ic term that can be applied to any explosive article 


designed to deliver combustion gases under pressure, 
with a view to performing a given mechanical action. 
Thus, it applies to assembled ammunition consisting 
of a case fitted with a primer and filled with propel- 
lant, with or without a projectile included. 


CARTRIDGE ACTUATED DEVICE — See propellant- 
actuated device. 


CARTRIDGE, BLANK — See blank cartridge. 


CARTRIDGE-HEATED SOLDERING TOOL -— See sol- 
dering tool, cartridge-heated. 


CARTRIDGE, HEAT-GENERATING — Any of several 
types of pyrotechnic cartridge for heating devices, for 
example, soldering tools, food warmers, beverage 
stirrers and immersion heaters. 


Austrian Patent 92145 (issued inl1923 to the Mox 
Company of Géteborg, Sweden) discusses such a car- 
tridge for use in a cartridge-heated soldering tool and 
reveals that the invention was originally disclosed in 
1914 in Denmark. A corresponding French Patent 
(533,039, published in 1922) reveals that the inven- 
tors were Danish residents Cecil Vilhelm Schou and 
Dan La Cour. In 1922 La Cour and Schou were is- 
sued a Patent (US 1,417,075) for devices to be used 
for heating liquids and for other purposes, based on a 
heat-generating cartridge identical to that used in 
their soldering tool. Two of the illustrations from that 
patent are illustrated to the right below. 
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Fig 3 is a plan view of the 
heating cartridge, without its 
lid, which consists of: the 
metal case (2), the com- 
pressed heat-generating mix- 
ture (3), and central cavity 
(4) to receive the ignition or 
priming mixture. Fig 5 is a 
side view, in cross-section, 
where the metal case is 6; the 
ignition or priming mixture 
is 5. Seven is a metal lid, un- 
der which is a disk of strong 
paper (9). The lid has a cen- 
tral hole to expose the part 
of the paper cover above the 
ignition mixture. A fusee 
match tip (10) has been in- 
serted through the paper Illustration Credit: 
cover into the ignition mix- US Patent 1,417,075 (1922) 
ture (5), ready to be ignited 

by a second fuse (not shown). 


According to Austrian Patent 92145, the heating car- 
tridge was advantageously a sheet metal box contain- 
ing a compressed mixture of aluminum powder and 
iron oxide (Thermit™) as well as a suitable ignition 
agent. US Patent 1,417,075 disclosed that a suitable 
ignition agent was a mixture of powdered magnesium 
and copper oxide. As this tended to burn explosively, 
it was preferably diluted by mixing it with some of 
the aluminum-iron oxide mixture; no proportions 
were specified. 


Heat-generating cartridges such as these provide a 
specific amount of heat, which can be accurately cal- 
culated in advance. The weight of the copper head of 
the soldering tool was such that the combustion of a 
cartridge brought the copper head to the correct tem- 
perature required for soldering. 


In 1924 inventor Dan Barford La Cour received US 
Patent 1,498,323 for an improved heating cartridge, in 
which the case was made of a thin aluminum sheet. 
This aluminum sheet served the dual purpose of form- 
ing acontainer and acting as a component of the chem- 
ical reaction mixture, replacing some of the alumi- 
num powder in the heat-generating composition. Fur- 
thermore, the cross-shaped ignition-point in the cover 
did not perforate the metal but was instead formed by 
pressure. This made the metal around the cross even 
thinner. The whole cartridge was thus completely 
sealed, but when it was time to ignite the cartridge, 
the seal was easily broken by pushing the head of a 
suitable match through the center of the cross. 
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A process for manufactur- 
ing these heating cartridges 
was disclosed in German 
Patent 438,504 issued in 
1926 to the Mox Company. 
An illustration from that 
patent is illustrated to the 
right, where the sheet met- 
al capsule is (a), into which 
is compressed, by the ac- 
tion of a first plunger (b), 
the ‘aluminothermic’ com- 
position (f). (The term ‘aluminothermic’ is used to re- 
fer to heat-producing mixtures of aluminum and met- 
al oxides, without using the registered trade name 
‘Thermit’.) The action of a second plunger (c) com- 
presses part of the composition into a more densely 
compacted region (e). Withdrawal of plunger (c) 
leaves a recess at (d) to receive the ignition composi- 
tion. 


Illustration Credit: German 
Patent 438504 (1926) 


A different type of pyrotechnic heating cartridge, dis- 
closed in US Patent 2,500,790, was awarded in 1950 to 
American inventor Owen G. Bennett (1905-1955), 
who assigned it to Catalyst Research Corporation. Il- 
lustrations from the patent are illustrated below. 
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Illustration Credit: US Patent 2,500,790 (1950) 


The metal casing of the cartridge had a bottom wall (1) 
integral with a tubular side wall (2). The casing con- 
tained a gasless heat-generating mixture that was 
sealed with closure (3) carrying a percussion primer 
(4), detailed in Fig 3. The preferred gasless heating 
composition disclosed in US Patent 2,500,790 is pre- 
sented below. 


Ingredient Parts by weight 


a) The quantity of aluminum powder was chosen so that 
a 35-gram charge would generate approximately 8 kilo- 
calories. 
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This mixture was compressed into the cartridges at 
about 6000 psi. When ignited by the percussion cap, 
the compressed mixture burned slowly, as required 
for use of the cartridges in soldering tools, immersion 
heaters, heated stirrers and similar devices. Other 
compositions, consisting of mixtures of the above 
composition with various proportions of a stoichio- 
metric mixture of aluminum powder and iron(II) ox- 
ide (‘Thermit™”’) were used to provide heat outputs 
ranging from 250 to 550 calories per gram. 


The percussion caps used in these heat-generating 
cartridges were said to be military surplus items, 
originally intended for use in hand grenades. Solder- 
ing tools, etc., using these cartridges were widely 
sold in the US from 1947 to the late 1960s. A photo- 
graph of such a cartridge, and the box in which the 
cartridges were supplied, is shown below. 


Photo credit: Steve’s Antique Technology 


These heat-generating cartridges were made in three 
standard sizes, capable of generating 6 to 17 kilocalo- 
ries in 5 to 25 seconds. Two of the standard cartridg- 
es were % and "/s inch (19 and 22 mm) in diameter; 
the lengths of the cartridges ranged from 1'°/16 to 
2'°/16 inch (49 to 75 mm). The cartridge in the photo- 
graph was % inch in diameter and 1'°/;6-inch long (19 
by 49 mm). It generated 12.5 kilocalories in approx- 
imately 5 seconds. 


CARTRIDGE-LOADED GRAIN -— (Also free-standing 


grain) — A propellant grain that is manufactured sep- 
arately from a rocket motor casing, for later installa- 
tion into the rocket motor. Cartridge-loaded grains 
are used in reloadable rocket motors. The alternative 
to a cartridge-loaded grain is a case-bonded grain, 
which is commonly used in single-use rocket motors. 


CARTRIDGE, POWER DEVICE — The contained pow- 


der charge used in a device designed to accomplish a 
mechanical action. It typically consists of a casing 
with a charge of deflagrating explosive and a primer 
or other means of ignition. The gaseous products of 
the reaction produce inflation; linear or rotary mo- 
tion; activate diaphragms, valves or switches; or pro- 
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ject fastening devices or extinguishing agents. (See 
propellant-actuated device.) 


CARTRIDGE, SIGNAL — See warning, acoustic. 
CARTRIDGE, SMALL-ARMS — See cartridge. 


CARTRIDGE STRENGTH — The explosive strength of a 
specific blasting agent or explosive relative to an 
equal volume of straight nitroglycerin dynamite of a 
specified grade. 


CAS — Abbreviation for Chemical Abstracts Service. 


CASCADE — See waterfall and aerial shell name and 
description (specific). 


CASE — (Also casing) — A container used to house py- 
rotechnic material. 


In fireworks: There are two distinct meanings: 


e A case is typically a tube or a pair of hemispheres, 
made of paper or plastic, into which pyrotechnic ma- 
terials are loaded (e.g., see shell casing, aerial.) 


e A case can also mean a box in which fireworks are 
packed for transportation (e.g., a case of 3-inch shells. ) 


In rocketry: A case may be the outer structure of a 
rocket motor, usually made from a relatively high- 
strength material such as metal or phenolic when 
used for high-power rocket motors. Most Black Pow- 
der model rocket motor cases are high-quality, con- 
volute-wound tubes made of kraft paper. 


CASE-BONDED GRAIN — The formation of a propel- 
lant grain directly in a rocket motor casing. Thus, 
there is gas-tight adhesion between the propellant 
composition and the motor case (i.e., casing) or be- 
tween the propellant composition, insulation and case. 
Case-bonded grains are used in single-use rocket mo- 
tors. The alternative to a case-bonded grain is a car- 
tridge-loaded grain, which is commonly used in a re- 
loadable rocket motor. 


CASE FORMER - See cylindrical case former. 


CASEIN — [processed biological product] — {CAS 
9000-71-9} 


Casein is a white powder consisting of a mixture of 
phosphoproteins, the main type of protein found in 
cows’ milk. Glue made from casein was once widely 
used for woodwork and in in the manufacture of 
fireworks and model rockets. It has also been used as 
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a binder in the heads of safety matches. While casein 
glue is an effective adhesive, it has the disadvantage 
of being readily attacked by molds and bacteria. 


CASE RUPTURE -— A rocket motor failure resulting in a 
split or ruptured motor casing. It can be caused by an 
overpressure condition or by a defect in the casing. 


CASING — See case. 
CASING, EMPTY (firework-historical) — See coffin. 


CAS NUMBER — Abbreviation for Chemical Abstracts 
Service Registry Number. 


CAST (verb) — The formation of a solid item by pour- 
ing a liquid (or semi-liquid) into a mold where it so- 
lidifies, either by cooling or chemical reaction (i.e., 
curing). 


In rocketry: Rocket propellant grains and delay ele- 
ments are often cast from a somewhat fluid composi- 
tion. This may be accomplished using a heated compo- 
sition in which one or more components have melted, 
such as for the potassium nitrate and sugar propellant 
used in some amateur rockets of the mid 20" century. 
Today, it is more common to use a composition con- 
taining a liquid binder (e.g., hydroxyl-terminated poly- 
butadiene, carboxy-terminated polybutadiene or poly- 
butadiene acrylonitrile) that solidifies by a chemical 
cure. 


In fireworks: Casting can be used in making devices 
such as hummers, drivers, fountains and tourbillions. 


CASTABLE, DOUBLE-BASE PROPELLANT - See pro- 
pellant type. 


CASTABLE PROPELLANT — See propellant type. 


CASTILLO — (Spanish for castle) — A most elaborate 
ground firework display consisting primarily of sev- 
eral very large firework wheels (often including 
lancework) mounted on a towering structure. An ex- 
ample of a castillo is shown farther below. 


Castillos are indeed marvels of engineering that re- 
quire a tremendous coordinated effort to construct. 


While occasionally seen in other countries, castillos 
are primarily the province of Mexico and Spain. Mal- 
ta also has a tradition of large, complex wheels (See 
Maltese firework term (raddiena).) 
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CAST IRON - A generic term for of alloys of iron with 
carbon (~2 to ~4%) and silicon (~1 to ~3%), which 
melt at a relatively low temperature. Thus, the molten 
metal can be readily cast into molds for producing 
various articles. 


Cast iron is a pyrotechnic-fuel and spark-producing 
ingredient used in firework fountain and gerb compo- 
sitions, where it produces attractive branching sparks. 
It is susceptible to rusting, and, unless the firework is 
to be used almost immediately, the cast iron must be 
treated to protect it from corrosion (see corrosion 
passivation). Cast iron is hard and brittle, gray in col- 
or with a metallic luster. 


CAST MEMBER -— Any performer involved in a per- 
formance potentially involving the use of pyrotech- 
nics, special effects or flame effects, and who may or 
may not be an employee. Many amusement park em- 
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ployees are also referred to as cast members, even 
though most of those employees may be more cor- 
rectly described as support personnel. 


CASTOR OIL — [processed biological product] — {CAS 
8001-79-4} 


Castor oil is occasionally used as a minor component 
of military-flare compositions, where it acts as a lub- 
ricant to aid in the compaction of a composition into 
a case. It also acts as a desensitizing agent (i.e., phleg- 
matizing agent). Castor oil is a vegetable oil obtained 
from the seeds of the castor oil plant (Ricinus com- 
munis). It consists predominantly (~90%) of the tri- 
glyceride of ricinoleic acid (12-hydroxy-9- 
octadecenoic acid [CisH3403], a monounsaturated 18- 
carbon carboxylic acid with a hydroxyl group on the 
12™ carbon). Castor oil is a colorless to pale yellow- 
ish oily liquid with a slight, characteristic odor. 


CAST PROPELLANT — See propellant, type. 


CATALYSIS — A change in the rate of a chemical reac- 
tion produced by the presence of a substance, the 
catalyst, which is not consumed in the net chemical 
reaction or process. The term is normally applied to a 
process in which the rate of the reaction is increased. 
The slowing or inhibiting of a reaction or process re- 
sulting from the presence of a catalyst may be de- 
scribed as negative catalysis. 


CATALYST — A substance added to a chemical compo- 
sition that changes the rate of the reaction without it 
being consumed. A catalyst may increase or decrease 
the rate of a chemical reaction, or it may cause a reac- 
tion mixture to produce a preferred reaction product. 


An example of the action of a catalyst of importance 
in pyrotechnics is the effect that manganese dioxide 
[MnO 2] has on the reaction of potassium chlorate 
[KCIO3] when heated. With no manganese dioxide, 
pure potassium chlorate undergoes a disproportiona- 
tion reaction (see chemical reaction type): 


4KCIO3; > 3 KCIO4 + KCl 


In the presence of manganese dioxide, the dominant 
reaction is quite different: 


2 KCIO3 > 2 KCl + 2 O2 


The use of manganese dioxide in this manner is fun- 
damentally important in the pyrotechnic oxygen gen- 
erators used on commercial aircraft. 


Because of the high temperatures involved in pyro- 
technic combustion reactions, it is not unusual for burn 
rate catalysts to be destroyed, possibly in secondary 
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reactions. Accordingly, it is debatable whether such 
materials are catalysts in the strict sense of the word. 


Some materials used as burn rate catalysts in rocket 
propulsion and pyrotechnics are presented below. 


Name | Formula 


Potassium dichromate | K2Cr207 


Another important type of catalyst includes those 
used to promote the decomposition of liquid mono- 
propellants in rocketry. Examples of such catalysts 
for use with concentrated hydrogen peroxide are ce- 
ramics composed of iridium (or platinum) and the 
gamma form of aluminum oxide [Ir/y-Al2O3 and Pt/y- 
AlO3]. In the presence of these catalysts, hydrogen 
peroxide [H202] is converted to high-temperature 
steam and oxygen: 


2 H202(01) > 2 H20¢) + Org) 


The term catalyst is also used for an ingredient that 
causes a substance (such as a liquid resin) to form a 
solid plastic end-product (e.g., methyl ethyl ketone 
peroxide causes the polymerization of polyester res- 
in). This usage is not technically correct, as the sub- 
stance is changed in the course of the reaction. A bet- 
ter term for such a substance is a cure agent. 


CATALYST — EFFECT ON BURN RATE — See burn 
rate, factor affecting. 


CATALYZED PROPELLANT BURNING — Sce propel- 
lant burning, catalyzed. 


CATEGORY, BRITISH FIREWORK — See firework 
classification (UK). 


CATHERINE WHEEL — See wheel type. 
CATION — See ion. 


CATO - A catastrophic structural failure of a rocket 
motor during operation. The failure point(s) can in- 
clude any structural component of the motor includ- 
ing the forward closure, casing, aft closure or nozzle. 
The result is an explosive release of combustion gas- 
es from the failure point, often damaging the rocket 
or at least compromising the flight. Most ammonium 
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perchlorate composite propellants (APCP) will often 
extinguish themselves immediately following a sub- 
stantial CATO event, whereas Black Powder motors 
will typically continue burning until the propellant is 
totally consumed. 


Origin of the term: Opinions range widely, and the 
matter is still debated. One possibility is that it is 
simply a contraction of the word catastrophic and 
should be pronounced Cat-o. Another possibility is that 
itis an acronym for one of the following: Catastrophic 
Take Off, Catastrophically Aborted Take Off or Catas- 
trophe At Take Off. The acronym is pronounced Kay- 
Toe. 


CAVITY CHARGE — See shaped charge. 

CAVITY COMET — See comet type. 

CAW-CAW ROPE - See fuse rope. 

cc — Abbreviation for cubic centimeter. 

CCT — Abbreviation for correlated color temperature. 


CD — The symbol for candela, the SI unit of /uminous 
intensity. 


Ca — The symbol for drag coefficient. 


CDB PROPELLANT — Abbreviation for castable, dou- 
ble-base rocket propellant (see propellant type). 


CD FIRING UNIT — See firing unit, capacitive dis- 
charge. 


CDL — Abbreviation for commercial driver’s license. 


CD-TYPE BLASTING MACHINE — See blasting ma- 
chine. 


CEILING LIMIT (industrial hygiene) — The concentra- 
tion of an airborne contaminant that should not be 
exceeded during any part of the worker’s exposure. 


CEILING LIMIT (rocketry) — The maximum altitude 
(i.e., altitude limit) above ground level (AGL) that a 
Class 2 (high-power rocket) or a Class 3 (advanced, 
high-power rocket) can reach as stated by the re- 
quired FAA waiver for the launch. 


CELEBRATION STRING — (Also celebration crackers 
or celebration roll) — A long string of firecrackers, of- 
ten in a large roll that sometimes consists of thou- 
sands of firecrackers, used in traditional Chinese cel- 
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ebrations. In a traditional celebration string, only red 
paper is used to make the firecracker cases and after a 
large string has exploded, large piles of red paper re- 
main. It is said that the noise produced was thought to 
scare away evil spirits and that red paper is consid- 
ered good luck. An example of a traditional Chinese 
celebration string is shown below. 


Photo credit: Michael and Randy Feldman 


Traditionally, a celebration string terminates with the 
intense firing of a bundle of crackers that are special- 
ly fused to fire very quickly and act as a miniature fi- 
nale to the celebration string. In the above image, this 
bundle of individual crackers is located under the pa- 
per label at the center of the coiled string. 


Because traditional celebration strings had firecrackers 
exceeding the current US limit of 50 mg of flash pow- 
der per firecracker, it is now common to find large 
strings composed of only 50 mg firecrackers. These 
strings may contain as many as 16,000 firecrackers. A 
smaller example of a consumer firework firecracker 
string is shown below. 
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These strings typically do not have the red paper 
wrap and never have the larger firecrackers found in 
traditional Chinese calibration strings. 


CELEBRATION TORCH — See torch (fireworks). 


CELL (electrochemical) — A device that operates by con- 


verting electrical energy into chemical energy, or vice 
versa. An electric cell consists of two dissimilar sub- 
stances, a positive electrode (i.e., anode) and a nega- 
tive electrode (i.e., cathode), as well as a third sub- 
stance, an electrolyte that acts chemically at the elec- 
trodes. The production of chlorates and perchlorates 
can be accomplished by electrolysis in electrochemical 
cells. Dry cells are examples of electrochemical cells 
that convert chemical energy into electrical energy. 


CELLULOID — A hard, flexible, extremely flammable 
plastic formed from a mixture of nitrocellulose and 
camphor. Two formulations for celluloid are present- 
ed below (Ellern, 1968). 


Formulation —| Parts by Weight 
ingredient 


a) Nitrated to approximately 11% nitrogen. 


In 1870 John and Isaiah Hyatt patented (US 105,338) 
celluloid, which is regarded as the first thermoplastic, 
once widely used in the manufacture of photographic 
film. Celluloid is subject to deterioration on storage as 
the nitrocellulose breaks down, releasing acidic oxides 
of nitrogen. 


The discovery that colloiding nitrocellulose (with 
camphor and other agents) slowed the burn rate of 
guncotton, led to the development of modern smoke- 
less powders. 


CELLULOSE — [(C6H1005)n — processed biological 


product] — {CAS 9004-34-6} 


Cellulose is a useful pyrotechnic fuel, usually in the 
form of wood meal or saw dust. It is the primary fuel 
in fusees and in some /ance compositions. It is a natu- 
ral polymeric carbohydrate (i.e., polysaccharide) ob- 
tained from plants. Cellulose is the primary compo- 
nent in chemically treated paper and cotton cord, 
which constitute touch paper and slow match, respec- 
tively. Powdered cellulose is white. 
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Structural formula: 


Health information: TLV-TWA: 10 mg/m? (inhalable 
dust). 


UN hazard classification: not regulated. 


CELLULOSE ACETATE BUTYRATE DOPE — {CAS 
9004-36-8} — (Abbreviated CABD) — (Also acetate 
butyrated dope or butyrate dope) 


Cellulose acetate butyrate dope may be used to smooth 
and strengthen the wood and fabric surfaces in model 
rocketry. It has also been used in the manufacture of 
some model rocket igniters. It is a mostly clear, col- 
orless liquid with an aroma derived from its solvent. 


Source: Cellulose acetate butyrate dope is simply cel- 
lulose acetate butyrate dissolved in a suitable solvent, 
such as acetone or liquid organic acetates. Variations 
of this basic dope (i.e., paint) are possible and plasti- 
cizers may be added to increase its flexibility and to 
reduce its tendency to shrink on drying. 


Historical: Cellulose acetate butyrate dope was origi- 
nally developed for use on full-size airplanes, where it 
was used to shrink (i.e., tighten) the covering fabric, 
to decrease the porosity of the covering fabric and to 
increase its strength and weather resistance. It was 
once very popular in model aeronautics due to its in- 
creased resistance to attack by model fuels compared 
to the previously used cellulose nitrate-based dopes. 


CELLULOSE GUM —- See sodium carboxymethyl- 
cellulose. 


CELLULOSE NITRATE — See nitrocellulose. 


CELSIUS TEMPERATURE SCALE — (Symbol: °C) — 
(Formerly described as the centigrade temperature 
scale.)— A temperature scale with 100 equal divisions 
between the freezing point (0 °C) and boiling point 
(100 °C) of pure water (at one atmosphere pressure), 
which was first proposed by the Swedish astronomer 
Anders Celsius (1701-1744). 


One Celsius degree (1 °C) equals one kelvin (1 K, no 
degree sign) and 1.8 Fahrenheit degrees (1.8 °F). To 
convert between Celsius, Fahrenheit and Kelvin scales: 


°F = (9/5) x °C + 32 
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°C = (°F — 32) x (5/9) 
K = °C + 273.15 


The approximate relationship between these three 
temperature scales is illustrated below. 


Fahrenheit Celsius Kelvin 
Scale Scale Scale Reference 
Points 
1000° 
1200° 
600° 
1000 800° 
800° 
400° 
600° 600° 
400° 200° Lead 
400° Boiling 
212°) 4------ 100°H- ----- 373°|$------ Point 
32° Beye ----- oH ----- 273°|+------ Water 
200° ~~ Freezing 
200° Point 
-200° 
AGO) Lees ROS Keene saty eens Absolute 
Zero 


A series of corresponding temperatures on these three 
scales is presented below. 


CEMENT — As a noun, a binder either in the form of 
some type of glue or the binding agent in concrete 
(e.g., Portland cement). 


As a verb, cement describes the action of gluing one 
item to another with an adhesive. 


CENTER OF AERODYNAMIC PRESSURE — See center 
of pressure. 


CENTER OF DISPERSION — The geometric center of a 
series of coordinate points. 


In fireworks: When aerial shells are fired into the air, 
a collection of systematic factors (e.g., mortar-tilt an- 
gle and wind effects) will result in predictable flight 
paths. In practice, a collection of randomly directed 
forces (e.g., bore balloting and Magnus force) cause 
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the shell to deviate in various random directions and 
distances from its ballistically predicted flight path. 
Thus, when studying the likely point of impact of dud 
shells, it is necessary to fire an adequate number of 
inert shells and then determine the center of disper- 
sion of their various points of impact. 


For example, a set of data from field trials was pro- 
duced to evaluate a computer code for modeling aeri- 
al shell ballistics. The setup for producing this data is 
shown below. 


In the example above, a set of identical, 6-inch (150- 
mm) aerial shells were fired from a mortar set at an 
angle of 30 degrees. The mortar (black) is seen in the 
foreground, where it being held by the apparatus 
(gray) that rigidly holds the mortar and measures the 
shell’s muzzle velocity (red). The instruments used to 
fire the shells and record their muzzle velocity were 
housed in the back of the van. 


In one case, nine identical test shells were fired from 
the launch point (the red dot, below), as presented be- 
low. Because of the random forces described above, 
the shells did not all fall to the ground at the same 
point. The points of fall are indicated below (as green 
diamonds), and their center of dispersion was calcu- 
lated to be at the location of the red X. 


Center of 


Dispersion 
0 200 400 600 800 1000 1200 1400 


These data were then compared with the predictions of 
the computer modeling code. 


CENTER OF GRAVITY — (Abbreviated CG) — (Also 
center of mass) — The balance point of an object (in 
all three dimensions), and about which the object will 
rotate. In many calculations, such as those describing 


Page 222 


linear motion, it can be assumed that the entire mass 
of the object is concentrated at its center of gravity. 


In rocketry: For reasonably symmetric objects, such 
as a model rocket, the easiest way to experimentally 
determine the location of the center of gravity is to 
find its balance point when placed on a narrow edge. 


Fin Nose Cone 
Body Tube 


Center of 


Pointed Wedge Gravity 


The rocket’s propellant is generally located near the 
aft end of the rocket and is consumed during the 
powered portion of its flight. The result is that the to- 
tal rocket mass decreases, and the rocket’s center of 
gravity moves forward (toward the nose of the rock- 
et) during powered flight. This has the effect of in- 
creasing the rocket’s stability during the burn of the 
motor (see rocket flight stabilization method). 


CENTER OF MASS - See center of gravity. 


CENTER OF PRESSURE — (Abbreviated CP) — (Also 


center of aerodynamic pressure) — That point in a 
rocket or aircraft where all external aerodynamic 
forces appear to be acting. 


The location of the center of pressure depends on the 
rocket’s orientation when it is measured. If the rocket 
is at a very small angle to its line of flight, the restor- 
ing contribution of the fins will be large, while at the 
same time the disturbing contribution of the nose 
cone will be small. This results in a center of pressure 
that is near the aft end of the rocket. This center of 
pressure can be determined using the Barrowman 
equations. If the rocket is at a substantial angle to its 
line of flight, its center of pressure will be much fur- 
ther forward, and it can be approximated experimen- 
tally by balancing a cardboard silhouette of the rocket 
on anatrow edge. This balancing point is the center of 
the lateral area of the rocket and is the forward most 
point where the center of pressure can be located. 


Since all free bodies rotate about their center of grav- 
ity, rocket stability is usually a simple matter of caus- 
ing its center of gravity to be located sufficiently 
ahead of its center of pressure. In that case, the air- 
flow restoring forces acting on the rear of the model 
will always overcome the disturbing forces acting on 
the front of the model. Then, if a rocket comes to be 
in an attitude where it is not aligned with the local 
wind (as produced by its motion), a net corrective 
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force will be generated that will act to bring the rock- 
et back into alignment with its line of flight. 


As arule of thumb, for a fin-guided rocket, it will have 
stable flight ifits center of pressure is at least one body 
diameter (i.e., one caliber) behind its center of gravity. 


< Caliber 


Center of 
At Least < Gravity 
One Body 
Diameter 
<< 
(Caliber) Center of 


Pressure 


CENTIGRADE TEMPERATURE SCALE — See Celsius 
temperature scale. 


CENTIMETER — (Symbol: cm) — A metric, but not 
strictly SI, unit of length. 


Multiply © To Obtain 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


CENTIMETER-GRAM-SECOND SYSTEM -— (Abbrevi- 
ated CGS system)— The CGS system of units is a met- 
ric (but not SI) system that is based on the centimeter 
as its unit of length, the gram as its unit of mass and 
the second as its unit of time. The basic CGS units 
and their SI equivalents are presented below. 


CGS units 
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With only a very few exceptions, the CGS system is 
rarely used today. The most notable exception is the 
measurement of density, which is still frequently quot- 
ed with units of grams per cubic centimeter (g/cm’). 


CENTRAL AXIS — See axis of rotation (general). 
CENTRAL HEART — See heart. 


CENTRALITE — An informal name for a hydrocarbon- 
substituted symmetrical diphenyl urea compound used 
as stabilizers in the production of propellants. These 
chemicals were developed in around 1906 at the Ger- 
man Central War Laboratory (Zentralstelle fiir wissen- 
schaftlich-technische Untersuchungen) in Neubabels- 
berg, Germany. The two most common centralites are 
ethyl centralite (sym-diphenyl-diethyl urea, also 1,3- 
diethyl-1,3-diphenylurea [Ci7H20N20], {CAS 85-98- 
3}) and methyl centralite (sym-diphenyl-dimethy] urea, 
also 1,3-dimethyl-1,3-diphenylurea = [CisHisN20], 
{CAS 611-92-7}). 


These chemicals are primarily used in nitrate-ester- 
based propellants (single, double and triple-based) as 
used as rocket and gun propellants. They can also be 
used for stabilizing other nitrate-ester-based explo- 
sive formulations, such as mixtures of PETN with a 
binder/plasticizer. Centralites work by immediately 
reacting with any liberated nitronium ion [NO>’] pro- 
duced in the decomposition of the nitrate ester there- 
by preventing its further autocatalytic reaction (i.e., 
further decomposition of the ester). 


CENTRIFUGE — An apparatus used to produce the ef- 
fect of high gravitational forces by rapid rotation of 
an object, thus producing powerful centrifugal forces. 


In the laboratory: A centrifuge can be used to help 
separate materials of differing density (e.g., immisci- 
ble liquids or solids suspended in liquids). 


Centrifuge separations can be an important step in the 
analysis of pyrotechnic compositions. One example is 
the rapid separation of the readily dissolved compo- 
nents of a pyrotechnic composition from fine particu- 
late matter remaining in suspension. In this case, a 
small sample of the composition is added to water in a 
centrifuge tube and shaken to dissolve the soluble 
components. A centrifuge can then be used to separate 
(i.e., spin-down) the denser particulate matter to the 
bottom of a centrifuge tube, leaving the clear liquid 
above that contains the dissolved components, which 
can simply be poured off to achieve a separation. 


While much the same separation can be accom- 
plished by filtration, filtration will take longer to per- 
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form and, more importantly, the small particles will 
be extremely difficult or impossible to remove from 
the filter paper at the completion of the process. 


CERL — Abbreviation for the Canadian Explosives 
Research Laboratory. 


CERTIFIED ROCKET MOTOR — A commercially man- 
ufactured rocket motor that has been tested by a rec- 
ognized testing organization and found to meet the 
requirements set forth in NFPA 1125, “Code for the 
Manufacture of Model Rocket and High Power Rock- 
et Motors”. There are two recognized testing organi- 
zations in the US: the Tripoli Rocketry Association 
and the National Association of Rocketry. In Canada, 
the recognized testing organization is the Canadian 
Association of Rocketry. 


CERTIFIED ROCKET MOTOR USER — An individual, 
a distributor or a seller who has been tested or other- 
wise examined by a recognized organization, and 
who has been found to be qualified to purchase, pos- 
sess and use high-power rocket motors. 


CFR — Abbreviation for the Code of Federal Regula- 
tions (US). 


CG — Abbreviation for center of gravity. 


CGS sysTEmM — Abbreviation for centimeter-gram- 
second system of units. 


CHAD - (An acronym for CHeap And Dirty) — Refers 
to a quick and inexpensive (but usually not elegant) 
way to solve a particular problem or produce some 
end result. The acronym is commonly used in in the 
context of model rocketry. 


CHAF - (An acronym derived from the title: Quanti- 
fication and Control of the Hazards Associated with 
the Transport and Storage of Fireworks) — The CHAF 
project was initiated following a series of accidents in 
the large-scale storage of fireworks, with the goal of 
suggesting and evaluating various means to control 
these hazards. This included small, medium and large- 
scale investigations of firework storage situations. 
Some correlations were found between the medium- 
scale test results and those from the large-scale (i.e., 
ISO container) trials that ultimately may lead to bet- 
ter test methods to predict mass storage hazards. 


CHAFF — The superficial covering of various edible 


grains that is removed before human consumption. 
Thus, rice hulls (used to make rice-hull powder, and 
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as a bulking agent or inert filler) are equivalent to 
rice chaff. Chaff also describes the slender pieces of 
aluminum foil or aluminized plastic used as a mili- 
tary radar countermeasure. 


CHAIN (fireworks) — As a noun, a series of devices that 
have been chain fused (e.g., a finale chain). As a 
verb, to perform the process of chain fusing. 


CHAIN-BRANCHING REACTION, CHAIN-BREAKING 
REACTION and CHAIN CARRIER — See chain reac- 
tion. 


CHAIN FUSED — The manner of fusing fireworks such 
that a series of individual firings is produced follow- 
ing a single ignition. 


In display fireworks: Chain fusing usually consists of 
a single, fast-burning fuse (e.g., one made from mul- 
tiple pieces of quick match) that runs sequentially to a 
series of items, where it attaches to each item or to its 
fusing. Typically, firework finales and barrages are 
chain fused using a bucket chain. A 5-member chain 
is illustrated below. 


Ignition Point 


Firework Firework Firework Firework Firework 
#1 #2 #3 #4 #5 


A 10-member chain of 3-inch aerial shells is shown 
below (red arrows indicate some of the buckets). 


Hy 
| 


AKI OO CK GES 


Chain fusing can be highly advantageous in that it al- 
lows a large number of items to be fired in rapid suc- 
cession. It can also be hazardous because, should one 
or more devices (e.g., a mortar rack) become dis- 
lodged and aimed in the wrong direction, the series of 
devices can continue to fire potentially producing in- 
juries to people or property. 


Pees 
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Roman candles and multiple-tube devices are also As an alternative to installing multiple re-ignition 


chain-fused devices, because a single ignition pro- points, multiple short chains can be used, each having 
duces a series of firings. Thus, the added safety re- its own (manual or electrical) ignition point. 
quirements for firing chain-fused devices also apply 

to these items. CHAIN FUSING — As a noun, it is the fuse used to link 


a series of devices together in a chain. As a verb, it is 
the act of connecting a series of devices in a chain- 
fused sequence. 


In consumer fireworks: Multiple-tube devices (i.e., 
cakes) are chain fused by running a fuse (or some- 
times a pair of fuses) between each of the mortar tubes. 
A multiple-tube consumer firework, with the bottom of 
its mortars and internal fusing exposed, is shown be- 
low (yellow arrows indicate some of the chain fusing). 


CHAIN-FUSING METHOD — Three common methods 
are used to chain-fuse aerial shells (and other devices) 
that use quick match for their shell leaders. 


Method 1: When the aerial shell leaders are long 
enough, no additional fuse is necessary. In effect, each 
successive quick match fuse is simply inserted into the 
preceding shell’s leader fuse. First, one shell’s leader 
will have been sliced open (A, shown below) and about 
l-inch (25 mm) of the second shell’s black match 
remains or is exposed from within its shell leader (B). 


A 


a 


While the use of this specific type of fusing is com- 
mon, it is not sufficiently resistant to side ignition. 
This can result in too rapid and non-sequential fir- 
ings, which in turn can result in an increased risk of 
the device tipping over during firing. 


esl 
CHAIN-FUSED RE-IGNITION POINT — Occasionally, a Next, the black match from the second (B) shell is in- 
chain-fused series of devices will fail to burn com- serted and tied with string onto first shell’s leader, as 
pletely (often because it was improperly made or in- shown below. 
stalled), and it may be necessary to re-ignite the 
chain. 
TT 


In manual firing, re-lighting chain-fused shells is 
dangerous, unless done properly. Re-ignition should =e 
only occur at a previously installed re-ignition point; 
one that provides a time delay to allow the shooter to 
safely retreat. A re-ignition point will generally be a 
length of quick match at least 3 feet (1 m) long that 
has at least 3 inches (75 mm) of exposed black match 


or other delay element covered by a safety cap. The Then, tape is applied to the splice to protect it from 
other end of the length of quick match will have pre- stray sparks that could cause an accidental ignition, 
viously been connected into the fuse chain. as shown below. 


In electrically fired displays, re-ignition points will 
consist of additional electric matches having been 
previously inserted at a series of points along the chain. 
In musically choreographed displays, the re-ignition 
points may serve the additional purpose of shortening 
the burn time of a chain that may otherwise burn too 
long. This is accomplished by igniting any needed re- 
ignition points a few seconds before the display (and 
the music) is intended to end. 
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An example of several aerial shells chained together 
using this method is shown below. 


A quick and easy, but somewhat less reliable, alter- 
nate way to spice together two pieces of quick match 
for use in chain fusing is to first firmly tape together 
the two pieces of quick match. Then, use an awl or 
ice pick to punch a moderately sized hole directly 
through both pieces of quick match at the point where 
they were taped together; then, firmly tape over the 
hole again. In this way, fire will pass between the two 
pieces of quick match. 


Method 2: When the shell leaders are not long 
enough to use the previously described method (or as 
a matter of convenience), a specially made series of 
connecting fuses (i.e., a bucket chain) can be used to 
chain-fuse the individual shells. An example of a 
bucket chain is shown below along with an electric 
match, potentially to be used for its ignition. 


ee ee 


An aerial shell is connected to the bucket fuse chain 
by first exposing a short section of the black match 
from the shell leader (A, below). The exposed black 
match is inserted into one of the buckets (B) and se- 
cured with string or a cable tie (C). 
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Method 3: There are times when a regular quick match 
chain burns much too fast for the intended purpose, but 
it is still desirable to chain-fuse the shells. Slow burn- 
ing chain fusing can be made using slower-burning 
fuse instead of quick match for the interconnecting 
fusing; for example, visco fuse or igniter cord can be 
used. Visco fuse has a burn rate of about 2.6 seconds 
per inch (0.1 s/mm). There are several types of igniter 
cord available with varying designs and burn rates. 
The most commonly available is plastic coated, with 
a burn rate of about 1.2 seconds per inch. (0.5 s/mm). 


To use this method of chain fusing, first a wide strip 
of heavy adhesive tape, such as duct tape, is laid out 
on the work surface, with the adhesive side up (gray, 
as shown below). On this tape, a series of aerial shell 
leaders, each with about 2 inch (13 mm) of exposed 
black match at their ends, are laid out with the de- 
sired spacing between them. 


2 
Next, a length of visco fuse or plastic igniter cord is 


laid on the tape and over the ends of the exposed 
black match of each shell leader, as shown below. 


Then, a second strip of heavy, wide adhesive tape 
(this time with the adhesive side down) is laid over 
the timing fuse, shell leader ends and the first strip of 
tape, as shown below. 
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Finally, all the fuse segments between the two strips 
of tape are tightly sealed, as shown below. This is 
done to prevent fire from passing along the chain and 
possibly igniting the adjacent fuses too soon. 


A somewhat similar method is possible using a prod- 
uct described as Sticky Match Finale. 


Also, a more robust fuse chain, often described as a 
timing bar, can be made using Bickford-style time 
fuse to provide the delay between firings. An exam- 
ple of one such timing bar is shown below. 


é fies 
A somewhat similar method of chain fusing, which can 
be assembled at the display site, is the PyroClock sys- 


tem. An example of individual delay links of various 
times, and an assembled system are shown below. 


Set eee ee 


ig55 
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CHAIN OF SHELLS — A series of two or more aerial 


shells chain fused to fire in sequence from a single 
ignition source. Finales and barrages typically consist 
of chains of many shells fused together with quick 
match. 


CHAIN REACTION (chemical) — A chemical reaction 


mechanism of great importance in the combustion and 
explosion of gases. Such a chain reaction involves free 
radicals (i.e., molecules or atoms having an unpaired 
electron) that make the reaction especially rapid. For 
a chemical chain reaction, there must first be an initi- 
ation of the reaction in some way that results in the 
formation of free radicals from stable molecules. 


An example: Consider the combustion of hydrogen in 
oxygen. This involves a series of reaction steps. The 
chain initiation can happen by application of a flame 
or spark, and the free radicals generated include hy- 
droxide radicals [OH’] that then proceed to react with 
hydrogen molecules [H2]: 


OH’ + H > HO+ H 


This reaction furnishes the ultimate product of the re- 
action, water [H2O], but it also generates hydrogen 
radicals [H’]. This is described as a chain-propagating 
reaction. This hydrogen radical in turn reacts with an 
oxygen molecule [O2]: 


H + O: > OH’ + O° 


This reaction converts one free radical into two, an- 
other hydroxide radical and an oxygen radical [O’], as 
does the subsequent reaction of the oxygen radical 
with a hydrogen molecule: 


O'+ H > OH +H 


Reactions such as the above two, which increase the 
number of free radicals, are described as chain- 
branching reactions. They can cause the rate of reac- 
tion to increase exponentially with time, thus leading 
to an explosion. The reactive free radicals O°, H’ and 
OK’ are described as chain carriers. 


The overall reaction combining those described above 
is: 


2H2 + O2 > H20 + H’ + OH’ 
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The chain can be broken by reactions such as: 
H’ + O. + X > HO,’ + X* 


Here, X° is some other molecule that serves as an en- 
ergy absorber that produces the relatively un-reactive 
free radical HO2". This free radical can survive long 
enough to diffuse to the wall of the vessel, where it is 
absorbed and eventually destroyed by reaction with 
other absorbed HO2’ radicals. 


Used metaphorically: The term chain reaction is often 
used metaphorically to describe a situation where a 
single event initiates more than one other event, and 
each of those events in turn initiates still more events. 
Anexample is the ignition ofa single firework shell ina 
magazine, where each burning star from the first shell 
potentially ignites another shell, and so on, quickly 
leading to a mass explosion of the entire magazine. 


CHALCOGENS — The chemical group consisting of ox- 
ygen, sulfur, selenium, tellurium and polonium. 


CHALK — See calcium carbonate. 


CHAMBER PRESSURE -— See rocket motor chamber 
pressure. 


CHAMBER VOLUME - The volume of the rocket com- 
bustion chamber, including the convergent portion of 
the nozzle up to the throat. 


CHAMPAGNE PARTY POPPER — See party popper. 
CHANCEL MATCH - See match, historical. 


CHANGE HOUSE or CHANGE ROOM — A building or 
room provided at a manufacturing site for employees 
to change into and out of work clothes. This is especial- 
ly necessary when employees’ clothing may become 
contaminated with chemical residues. The change 
house may include sanitary facilities, showers, drink- 
ing fountains and lockers. 


CHANGING RELAY — See color-change relay. 
CHANNEL BLACK — See carbon black. 


CHAPMAN-JOUGUET DETONATION — See detonation 
type (ideal detonation). 


CHARACTERISTIC CHAMBER LENGTH — The length 
of a straight, cylindrical tube that has the same vol- 
ume as the chamber of a rocket engine would have if 
there was no converging nozzle section. 
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CHARACTERISTIC EXHAUST VELOCITY — See ex- 
haust velocity. 


CHARACTERISTIC LENGTH — (Symbol: L* or L star) 
— The characteristic length (L*) is determined by the 
free chamber volume (V-) divided by the nozzle 
throat area (A,) of a rocket motor: 


The characteristics of low frequency combustion in- 
stability appear to be a function of L*. 


CHARACTERISTIC VELOCITY — See exhaust velocity. 
CHARBONNIER’S VIVACITY — See vivacity. 
CHARCOAL - See charcoal, wood. 
CHARCOAL-ALUMINUM EFFECT - See firefly effect. 


CHARCOAL TYPE — Charcoal is commonly character- 
ized by its origin or its physical properties. Some of 
these are described below. 


activated charcoal — Porous, granular charcoal de- 
rived from organic substances from which all hydro- 
carbons and adsorbed gases have been removed. A 
common use for activated charcoal is the adsorption 
of trace gases and odor-producing chemicals onto the 
surfaces of its pores. 


The adsorptivity of charcoal can be ranked for vari- 
ous gases, as presented below (McLain, 1980). 


Adsorptivity 
cm°/g at NTP) 


a) Nitrous oxide [N20] {CAS 10024-97-2}. 
b) Ethene [C2H,] (Also ethylene) {CAS 74-85-71}. 


In the laboratory: Activated charcoal can be used to 
monitor and quantify some of the adverse reactions 
possible for moistened pyrotechnic compositions. For 
example, consider a composition that includes a ni- 
trate and aluminum in addition to other ingredients. 
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There is potential that a moistened sample of this 
composition will have an adverse chemical reaction 
that produces ammonia gas. 


In preparation for a test, a tube of activated charcoal 
is first prepared by heating it with nitrogen gas being 
passed through the tube (or while under vacuum). 
This has the effect of purging all previously adsorbed 
gases from the activated charcoal. Next, a moistened 
sample of the composition to be tested is placed in a 
sealed container that is being supplied with a low- 
volume flow of nitrogen gas, which is vented through 
the column of purged activated charcoal (illustrated 
below in cross section). 


Activated 
Charcoal 


Moistened 
Sample 


As time passes, any ammonia produced by the sam- 
ple will be carried to the activated charcoal and will 
be adsorbed by it. After a prescribed time-interval, 
the column of activated charcoal can be removed and 
analyzed. Typically, the column will be heated for a 
second time with a low-volume flow of nitrogen gas 
and the gas exiting the column is analyzed for am- 
monia. 


In pyrotechnics: Because activated charcoal is espe- 
cially porous, it might seem to be useful for making 
Black Powder and perhaps for making other pyro- 
technic compositions, but it apparently does not ex- 
hibit any advantages and has not found wide use. 


air-float charcoal — A grade of very finely divided 
wood charcoal used extensively in making Black 
Powder and many other pyrotechnic compositions. 
Its name is derived from the process by which the 
finest particle-size charcoal is separated from the 
coarser fractions after grinding. An air stream is used 
to divert (i.e., float) the fine charcoal particles away 
from the point where the larger particles are collected. 


brown charcoal — (Also red charcoal) — A type of 
charcoal formerly made from rye straw that was only 
slightly carbonized. The straw was heated for about 
half an hour and then removed from the furnace. The 
carbonization would spontaneously proceed a little 
further before the charcoal was cooled. The result 
was a soft charcoal that still contained a relatively 
large percentage of oxygen and hydrogen. 
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When this charcoal was used in the manufacture of 
Black Powder, the resulting propellant was referred to 
as brown powder (see powder type), also described as 
chocolate or cocoa powder. The operation of pressing 
this powder resulted in it becoming a dense mass that 
burned comparatively slowly. This is because under 
high pressure, brown charcoal tends to flow and hold 
the mixture together, thus making it a more impervi- 
ous mass that can only burn at the surface. This con- 
trasts with regular Black Powder that has slight poros- 
ity into which the flame can penetrate and accelerate its 
burn rate, especially when burned under high pressure. 


hemp charcoal — A fine, low-density, reactive char- 
coal produced by pyrolysis of the dried stems of the 
hemp plant (Cannabis sativa). It is used as a fuel in 
some Japanese fireworks, particularly in a burst-charge 
composition for aerial shells (described as H3 powder). 


Paulownia charcoal — A fine, low-density, reactive 
charcoal produced by pyrolysis of the wood of the Pau- 
lownia tree (Paulownia spp). It is used as a fuel in some 
Japanese fireworks, particularly in senko-hanabi. 


red charcoal — See brown charcoal, above. 


willow charcoal — A fine, low-density, reactive 
charcoal derived from the wood of willow trees (Sa- 
lix spp). In the past, willow charcoal was commonly 
used for manufacturing Black Powder and related 
firework compositions. It is still the preferred char- 
coal for some applications. 


wood charcoal — See charcoal, wood. 


CHARCOAL, WOOD - [processed biological product] — 


(Also carbo ligni or in older literature occasionally 
simply as coal) 


Wood charcoal consists of highly porous, black solids 
of low density, produced by the pyrolysis or destructive 
distillation of various woods and is a common pyro- 
technic fuel. It contains variable percentages of amor- 
phous carbon, along with combined hydrogen and 
oxygen and low levels of several other elements. It. 
The properties of wood charcoals differ considerably, 
depending on the type of wood and the temperature at 
which the wood was pyrolyzed. Ideally, the specifica- 
tion of a charcoal for use as a pyrotechnic fuel would 
include at least its source and its particle size range. 


Health hazards: TLV-TWA: 3.5 mg/m? (as carbon 
black). 


UN _ hazard classification: PSN: charcoal; HC: 4.2 — 
spontaneously combustible (UN1361). 
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Chemical properties: Wood charcoal does not melt 
and is not soluble in any solvent. The chemical com- 
position of wood charcoal varies tremendously de- 
pending on the pyrolysis temperature. The following 
table (Meyerriecks, 1999) presents typical charcoal 
composition and yield from dry, ash-less wood as a 
function of temperature. 


Pyrolysis 
Temp (°C) 


Charcoal Comp. (%) | Yield 
c TH [0 1%) 


Commercially produced wood charcoal is normally 
processed between 400 and 500 °C. A typical wood 
charcoal used for pyrotechnic purposes in Japan had 
the approximate composition as presented below 
(Shimizu, 1981-89): 


The ash-free component of this charcoal has the ap- 
proximate empirical formula Cjs5H7O>. This is why it is 
inappropriate to describe charcoal simply as carbon. 


The type of wood from which a charcoal is made has 
a great effect on its chemical and pyrotechnic charac- 
teristics. These differences are superimposed on the 
effect of the pyrolysis temperature discussed above. 
The reason for the differences lies in the different 
chemical composition of various woods, and in the 
different structures of their fibers and cells. To think 
of wood charcoal as one substance with one set of 
pyrotechnic properties would be akin to thinking of 
wood as one substance with one set of engineering 
characteristics. Manufacturers of Black Powder have 
long recognized the effect of the source of their wood 
charcoal on the properties of Black Powder. 


Today, the wood charcoal most commonly used for 
pyrotechnics in the US is an industrial product made 
from ‘select hardwoods’, which is a mixture of vari- 
ous hardwoods such as maple. In the past, willow 
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charcoal was commonly used. In Italy, grape vine 
charcoal was favored. In Japan, charcoals from the 
wood of Paulownia trees and from the stalks of the 
hemp plant are frequently used in much the same way 
as lampblack to produce the senko-hanabi effect. 


Wood charcoal is somewhat hygroscopic, which 
needs to be considered if the composition contains, or 
might come in contact with, readily water-corroded 
metals such as magnesium or iron, or if the character- 
istics of the composition must remain strictly con- 
stant over time in the presence of moist air. On the 
other hand, adsorbed water in wood charcoal may 
have a slight beneficial effect on the combustion of 
Black Powder and similar compositions. 


Freshly made wood charcoal has been known to heat 
up by reaction with the air, so appropriate care needs 
to be taken to ensure that the material is stable before 
it is stored or used in large quantity. 


In fireworks: As a very fine powder, wood charcoal is 
most commonly used as a fuel (see charcoal type 
(air-float charcoal). As a coarse granular material, it 
is commonly used to produce dim gold sparks in 
comets, fountain and gerb compositions, firework 
rocket compositions and wheel drivers. 


In explosives: Wood charcoal (as a fine powder) is one 
of the three chemical ingredients in Black Powder. 


Historical: Wood charcoal, along with sulfur and po- 
tassium nitrate, has been part of the pyrotechnist’s 
stock of materials ever since the craft began in an- 
cient China. 


CHARGE (noun) — The pyrotechnic or explosive com- 


position contained within a device. 


expelling charge — Usually a small quantity of 
Black Powder or similar material used to eject the 
contents of a container. Examples of expelling charg- 
es are the ejection charge in a model rocket motor 
and a Black Powder bomb used in special effects. 


flash charge — A pyrotechnic composition (typical- 
ly flash powder) used in any of a variety of flash- 
producing items. For example, the flash-powder 
composition used in some military training devices to 
produce a bright flash of light and possibly also a 
shower of sparks, to simulate the functioning of a 
bomb or weapon. 


Sometimes the readily ignitable explosive used in 
contact with the bridgewire of an electric match or 
other electroexplosive device is also described as a 
flash charge. 
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propelling charge — The propellant composition in 
a firearm. The propelling charge for some antique 
weapons was often pre-packed in a closed container. 
Prepackaging sped up the process of loading cannons 
and small arms. In modern weapons, the propelling 
charge is contained within the small-arms cartridge or 
artillery shell casing. 


An example of a propelling charge in fireworks is the 
lift charge for an aerial shell. 


CHARGE (verb) — The loading or filling of a device 
with a pyrotechnic or explosive composition. 


CHARGE, SHAPED — See shaped charge. 
CHARGE WEIGHT -— See propellant mass ratio. 
CHARLES’ LAW - See gas Jaw. 


CHASE (fireworks) — See front (fan wipe) and (straight- 
up wipe). 


CHASER (fireworks) — (Also flying squib, rat or mouse) 
— A small paper or cardboard tube charged with a 
propelling composition (commonly based on Black 
Powder) that, when ignited, travels rapidly along the 
ground and (intermittently) for short distances in the 
air. These devices often terminate with a small report 
(i.e., explosion), usually produced by a simple fire- 
cracker inserted into the backend of the chaser’s case. 
A chaser has no stick or fins, which results in a very 
unpredictable path, especially when airborne. Thus, 
because of safety concerns, chasers are now some- 
what less commonly made or used in the US. Two 
examples of chasers from China are shown below. 


Some chasers produce a whistling sound during their 
flight and are described as whistling chasers. In the 
device shown below, the ignition fuse is under the 
loose paper extending to the left of the device. 
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In the past in the US, some chasers have been given 
names implying that the devices could be used to 
harass members of certain ethnic groups assumed to 
be despised by the expected purchaser of the fire- 
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works. Some of these names were highly offensive to 
the targeted groups and thankfully such chasers are 
long obsolete. In the 1980s, shortly after the Iranian 
hostage crisis, some allegedly Iranian-specific chas- 
ers, such as the one shown below, were produced for 


ioe 


In the UK, a chaser has commonly been described as a 
squib, serpent or flying imp. Such fireworks are no 
longer permitted as shop goods (i.e., consumer fire- 
works) in the UK. Any terminal report in these items 
was produced by a small charge of granular Black 
Powder in the end of the device, not by an inserted 
firecracker. 


CHATHAM POWDER — A mixture of powdered resin, 


lycopodium and powdered magnesium, developed in 
the 1860s at the Royal Dockyard at Chatham in Kent. 
The powder was used by spraying it into the flame of 
a spirit-lamp in a specially designed lantern, the 
Chatham Light, to produce a series of flashes of light 
for signaling purposes. It was specified that the mix- 
ture must contain no source of oxygen, lest it become 
explosive in its own right, so it was clearly not a py- 
rotechnic composition. The amount of magnesium 
could be varied depending on the range of visibility 
required for the flashes of light; in practice, it was 
kept as low as possible, because of the high price of 
magnesium powder. 


Chatham light — A lantern, patented in 1867 which 
used Chatham powder for signaling. It was used by 
British forces in Abyssinia in 1868. 


CHECKWEIGH — To reweigh, specifically to weigh the 


same material at least twice as a quality control 
measure. 


CHEDDITE EXPLOSIVE — A class of explosive, for- 


merly manufactured in and named for the town of 
Chedde, France. These explosives are closely related 
to Sprengel explosives. They were made from potas- 
sium chlorate or sodium chlorate combined with var- 
ious nitro compounds or in some cases simply with 
hydrocarbons. Cheddite explosives produced detona- 
tion velocities in the range of 2000 to 3500 m/s 
(6,500 to 11,500 feet per second). A few formulations 
are presented below (Davis, 1943). 
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a) Nitro-naphthalene [C1oH7NO2] {CAS 581-89-5}. 
b) Dinitro-toluene [CeHs(CH3)(NO2)2] {CAS 121-14-2}. 


CHEESA STICK — A waterproof portfire intended to be 
used for lighting blasting safety fuse. The cheesa stick 
shown below is approximately 6 inches (150 mm) long. 
It has a paper case made of a few turns of kraft paper. 
The light-colored portion of the case on the left of the 
device is filled with inert material and serves as a 
handle. 


In some varieties, the case was plugged with a short 
piece of wooden dowel that also formed the handle. 
The dark-colored portion of the cheesa stick is 
charged with a slow-burning flame composition and 
has been dipped in a solution of shellac in ethanol 
and allowed to dry. This leaves the paper case im- 
pregnated with shellac, providing a water-proof coat- 
ing. When ignited, the device burns for about a mi- 
nute, providing a small, intense flame. 


Cheesa sticks were originally developed for use in 
the goldmines of South Africa. The name, meaning 
fire stick, comes from a local dialect. 


CHEMF/X™ — A special effect material used to simu- 
late fairly realistic-appearing high-explosive fireballs, 
using a specially-structured, environmentally-friendly, 
organic material. The original ChemF/X is no longer 
available, but substitutes are available and may still be 
referred to by that name. One substitute is produced 
from ground walnut shells. 


Original ChemF/X contained a mixture of varying par- 
ticle-size organic wastes produced during processing 
at grain elevators. An example of ChemF/X is shown 
below, first in a small pile and then in close-up. 
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CHEMF/X™ MINE - A device for dispersing 


ChemF/X into the air with a Black Powder charge that 
also ignites the dispersed dust to produce a fireball, 
usually for motion picture special effects. Two possible 
arrangements are illustrated below in cross section. 


Chem F/X 


Black 
Powder 


Electric 


The configuration on the left will produce a fireball 
on the ground that only rises moderately into the air. 
In contrast, the method on the right produces a fire- 
ball moving substantially in the direction of the open 
end of the container. The effect on the right can be 
enhanced somewhat if a layer of thin paper is used to 
separate the charge of Black Powder beneath the pa- 
per from the ChemF/X above. The resulting fireballs 
using these two methods are shown below. 
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Photo Credit: Jack Drewes 


In the left image, the fireball was produced using 0.5 
gallon (1.9 L) of ChemF/X dispersed with 1.5 ounces 
(42 g) of Black Powder. The resulting fireball has 
spread to approximately 5 feet (1.5 m) in width and 
height. In the right image, one-gallon (3.8 L) of 
ChemF/X was projected to the left from a height ap- 
proximately 3 feet (1 m) above the ground, using a 3- 
ounce (85-g) charge of Black Powder. The fireball has 
expanded to approximately 8 feet (2.4 m) in diameter 
and traveled 20 feet (6 m) to the left. 


Yet another method for dispersing ChemF/X uses a 
small charge of Black Powder placed in the center of a 
suspended container of ChemF/X. This can produce an 
airburst fireball. The effect resulting from a 3-ounce 
(85-g) charge of Black Powder to disperse ChemF/X 
in a 1-gallon (3.8-L) plastic milk container suspended 
approximately 6 feet (2 m) above the ground is shown 
below as a series of images. The first three images 
span an interval of approximately 0.2 second and the 
total time span for the series is approximately 1.5 
second. 


Photo Credit: Jack Drewes 


Unfortunately, most people who regularly attend mo- 
tion picture performance have been led to expect 
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much more flame and longer duration fireballs than 
are produced in real life. Such people may be disap- 
pointed with ChemF/X fireballs, not knowing that 
these fireballs are more realistic than the grossly ex- 
aggerated examples that they are accustomed to see 
in motion pictures. For this reason, ChemF/X is 
somewhat infrequently used despite its environmen- 
tally friendly nature. 


CHEMICAL (adjective) — Pertaining to chemistry. 


CHEMICAL (noun) — Any substance prepared by, or 


intended for use in, the processes and techniques of 
chemistry. In pyrotechnics, the term commonly refers 
to any of the ingredients in a pyrotechnic composi- 
tion. Chemicals include: 1) chemical elements such 
as aluminum, magnesium and sulfur, each element 
being made up of atoms having the same number of 
protons; 2) chemical compounds such as potassium 
nitrate, strontium carbonate or water, each consisting 
of collections of atoms in fixed groupings; 3) indus- 
trial products such as alloys (e.g., magnalium, steel) 
and polymers (e.g., polyvinyl chloride and chlorinat- 
ed rubber); their composition is somewhat variable 
depending on how the materials are prepared; and 4) 
material derived from nature such as shellac, red gum 
and asphaltum, which consist of somewhat variable 
mixtures of many complex molecules. 


CHEMICAL ABSTRACTS SERVICE — (Abbreviated 


CAS) —A division of the American Chemical Society 
that maintains several exceptionally comprehensive 
databases of chemical information. The periodical 
publication “Chemical Abstracts” provides biblio- 
graphic information and abstracts of articles in chem- 
ical journals worldwide, as well as chemistry-related 
articles from scientific journals, patents and other 
scientific publications. It has been supplemented by 
the CAS electronic products SciFinder and STN. 


CHEMICAL ABSTRACTS SERVICE REGISTRY NUM- 


BER — (Abbreviated CAS or CAS number) — Since 
1965, all chemical substances mentioned in the scien- 
tific literature have been assigned a unique registry 
number. This number provides no information about 
the chemical structure or properties., but it provides a 
convenient key for searching the literature for such 
information. This is especially useful when the same 
chemical is known by a variety of different names. 
Unfortunately, a few chemicals have been assigned 
more than one CAS number and occasionally differ- 
ent chemicals (e.g., red phosphorus and white phos- 
phorus) have been assigned the same CAS number. 
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CHEMICAL AGENT — A substance pyrotechnically or 
explosively disseminated and used for riot control, or 
by the military to incapacitate people or to injure or 
kill them. Smoke, harassing agents and incendiaries 
are usually classified as chemical agents. Some chem- 
ical agents are prohibited under international treaties. 


CHEMICAL AMMUNITION — Military ammunition that 
disperses a chemical agent. 


CHEMICAL BOND - A force acting between atoms that 
is of adequate strength to cause a collection of two or 
more atoms to act as a combined unit (a molecule or 
an ionic solid). The attractive force between the at- 
oms is produced by electrons as they attain more sta- 
ble (i.e., lower energy) configurations (i.e., the for- 
mation of chemical bonds results in a lowering of the 
potential energy of the individual atoms involved). 
Accordingly, energy is released when a chemical 
bond is formed, and this energy must be added when 
a chemical bond is broken. (For more information see 
quantum theory.) 


There are three major types of chemical bonds: cova- 
lent, ionic and metallic, with the type of bond that 
forms depending in large measure on the electronega- 
tivity difference between the types of atoms involved 
in the bonds. Occasionally, a chemical bond in a 
chemical formula may be represented by a dot (-), a 
pair of dots (:) or a line (—) drawn between the atoms. 


covalent bond — A chemical bond characterized by 
the sharing of a pair of electrons between two atoms. 
This type of bond typically occurs between non- 
metallic chemical elements with only a small differ- 
ence in electronegativity between them. For example, 
the bond between two hydrogen atoms (with zero 
electronegativity difference) to form a hydrogen mol- 
ecule is a covalent bond, as illustrated below. (See 
Lewis dot structure.) 


Shared Pair 
of Electrons 


ionic bond — A chemical bond characterized by a 
transfer of electrons from one atom to another, mak- 
ing one a positively charged ion (i.e., a cation) and 
the other a negatively charged ion (1.e., an anion). In 
ionic bonds, the force acting to bind atoms together is 
the result of electrostatic attraction between the oppo- 
sitely charged ions. This type of bond typically oc- 
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curs between metallic and non-metallic elements, 
with a relatively large difference in electronegativity 
between them. For example, the chemical bond be- 
tween sodium and chlorine atoms (with an electro- 
negativity difference of 1.9) in the salt sodium chlo- 
ride (an ionic solid) is an ionic bond. 


metallic bond — A chemical bond characterized by 
the non-localized sharing of the outer shell electrons 
by all the atoms in a crystal or region. This type of 
bond occurs between metallic chemical elements with 
little or no difference in electronegativity between 
them. The collective sharing of electrons is what caus- 
es metals to be electrical conductors. 


CHEMICAL BURN -— See burn (noun). 
CHEMICAL BY-PRODUCT — See chemical product. 


CHEMICAL CHAIN REACTION — See autocatalytic re- 
action. 


CHEMICAL COMBINATION — See chemical reaction 
type. 


CHEMICAL COMBINATIONS, HAZARDOUS — See 
hazardous chemical combinations. 


CHEMICAL COMPATIBILITY — The property of those 
chemicals that can be combined as a mixture without 
serious danger of spontaneous ignition or other unde- 
sirable reactions under reasonably expected condi- 
tions. Moisture and high temperature tend to foster 
undesirable reactions. (See sensitiveness (chemical 
sensitiveness), hazardous chemical combinations and 
Arrhenius equation.) 


CHEMICAL COMPATIBILITY GROUP — See compati- 
bility group. 


CHEMICAL COMPOUND — A substance with a unique 
arrangement of atoms linked by chemical bonds. 
Chemical compounds are not simply mixtures of 
chemicals (i.e., they cannot be separated by physical 
means). There are two basic types of chemical com- 
pounds: covalent compounds, composed of molecules 
consisting of atoms linked together with covalent 
bonds, and ionic compounds, composed of arrays of 
anions and cations held together by electrostatic forces 
(i.e., ionic bonds). (Contrast with chemical mixture.) 


CHEMICAL DECOMPOSITION REACTION — See 
chemical reaction type. 
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CHEMICAL ELEMENT - (Also element) — Historically, 
a substance that cannot be decomposed into simpler 
substances. After the explanation of radioactivity, as 
the spontaneous breaking down of the atomic nucle- 
us, a chemical element was understood to be a sub- 
stance made up of atoms having the same atomic 
number (i.e., the same numbers of protons in their 
nucleus). Examples of chemical elements include 
magnesium, sulfur, aluminum, iron and carbon. There 
are over one hundred different chemical elements, in- 
cluding some that are radioactively unstable and 
spontaneously decay into other elements. (See peri- 
odic table of the elements.) 


CHEMICAL EQUATION — Notation using chemical 
formulas to describe a chemical reaction. For exam- 
ple, the statement that one molecule of oxygen [O2] 
plus two molecules of hydrogen [Hz] react to form 
two molecules of water [H2O] plus thermal energy, 
can be expressed more succinctly as a chemical equa- 
tion: 


O, + 2H» > 2H2O + heat 


In a chemical equation, the arrow (>) can be read as, 
react to form. The subscripts indicate the number of at- 
oms of the preceding element in each molecule (e.g., 
O2 means there are two oxygen atoms per oxygen mol- 
ecule). Non-subscripted numbers indicate the number 
of molecules (e.g., 2 H2 means there are two hydrogen 
molecules, each composed of two atoms of hydrogen). 


When ions are participating in the chemical reaction, 
the charges carried by those ionic species are shown 
as superscripts. For example, the neutralization reac- 
tion of sulfuric acid [H2SO,4] with a sodium hydrox- 
ide solution [NaOH]: 


2H* + SO? + 2Na* + 20H > 
2HLO + 2Na* + SO, 


Proper chemical equations must be balanced on each 
side of the arrow with respect to the type and number 
of atoms, and electrical charge. 


When the physical state of the species participating in 
the reaction is relevant, that is indicated using the 
lower-case letters (s), (1) and (g), in a reduced font size 
enclosed in parentheses. For example, this is demon- 
strated in the trivial case of the melting and evapora- 
tion of ice (i.e., water): 


H.Ov) + heat > H2Oq and 
H.Oq + heat > H2O0¢g) 


In some older literature, the gaseous state may be 
shown as (v), for vapor, rather than (g). When needed 
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for clarity, the lowercase letters (aq) in a reduced font 
size enclosed in parentheses can be used to indicate 
that the species are dissolved in water (an aqueous 
solution). For example, in the chemical equation for 
the formation of the precipitate barium sulfate [Ba- 
SO«s)] when sulfuric acid [H2SO,]is added to a solu- 
tion of barium nitrate [Ba(NO3)2]: 


Ba*‘(aq) + SOu? (aq) > BaSOus) 


In the above chemical equation, the ‘spectator’ ions 
(those appearing unchanged on both sides of the ar- 
row) are omitted for simplicity. In the above exam- 
ple, the nitrate [NO3 (aq)] and hydrogen [H'(aq)] ions 
have been omitted from both sides of the chemical 
equation. 


CHEMICAL EQUILIBRIUM — A condition where a 


chemical reaction apparently ceases. The chemical 
reaction will still be proceeding, but the forward and 
reverse reactions are proceeding at the same net rate. 
The forward reaction (turning chemical reactants into 
chemical products) is usually indicated by a right di- 
rected arrow (>), and the reverse reaction (turning 
products into reactants) is usually indicated by a left 
directed arrow (€). A reaction that is in a state of 
chemical equilibrium may be indicated by a double- 
headed arrow (<9) or by a pair of opposing arrows 


(=). 


The concept of equilibrium can be illustrated by a 
physical process such as the melting of ice. A mix- 
ture of ice and water at 0 °C is in a state of equilibrium: 


H20(s) <> H20q) 
0°C 
Under these conditions, an equal amount of ice is 


melting as liquid water is freezing, thus, there is no 
net change. 


These same arrow symbols may also be used to indi- 
cate that a chemical reaction or physical process is 
reversible, such as the freezing and thawing of water, 
depending on whether thermal energy is being added 
or removed: 


H2O(s) + heat <> H2Oq) 


CHEMICAL EQUIVALENT -— Historically, the idea of 


chemical equivalent was introduced (as equivalent 
weight) in 1802 by the English chemist John Dalton 
(1766-1844). The equivalent weight is the quantity 
(in units of mass or weight) of a chemical element 
that was equivalent to (i.e., reacted with or replaced 
in a chemical compound) a unit amount of hydrogen. 
Thus, because 8 grams of oxygen react with | gram 
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of hydrogen, the equivalent weight of oxygen was 8. 
Later, the definition of equivalent weight was changed 
to make 8 grams of oxygen the reference. 


More recently, the definition was changed again to 
bring it into line with the modern understanding of 
chemical reactions. These days, the chemical equiva- 
lent in an acid-base reaction is that mass of a substance 
that reacts with an Avogadro’s number (6.02*10”) of 
hydronium [H30°] or hydroxide [OH] ions. The 
chemical equivalent in an oxidation-reduction reac- 
tion is the mass of a substance that reacts to acquire 
(or release) an Avogadro’s number of electrons. 


Unfortunately, the chemical equivalent of the same 
substance can vary depending on the nature of the re- 
action involved. For example, the chemical equiva- 
lent of potassium hydrogen oxalate [KHC2O,], con- 
sidered as an acid, is equal to its molecular weight: 


HC.0, + OH > C2047 + H,O 


When it is considered as a reducing agent, the chemi- 
cal equivalent is half the molecular weight: 


HC.0, > H* + 2 COxg) + 2e7 


It is probably simpler not to use chemical equivalents 
at all and to regard the concept as being only of his- 
torical interest. 


CHEMICAL EXPLOSION — See explosion type, basic. 


CHEMICAL EXPLOSIVE REACTION TYPE — See ex- 
plosive reaction type. 


CHEMICAL FOG MACHINE -— See fog machine. 


CHEMICAL FORMULA - (Also formula, plural is for- 
mulas or formulae) — A notation using chemical sym- 
bols to indicate the type and number of atoms in a 
chemical compound. For example, the information 
that barium carbonate is composed of barium, carbon 
and oxygen atoms in a numerical ratio of 1:1:3 can be 
conveyed by stating that the chemical formula for 
barium carbonate is BaCOs3. 


By convention, the element symbols in a chemical 
formula are written from left to right in order of the 
increasing electronegativity of the elements. Electro- 
negativity is a measure of the tendency of an atom of 
that element to gain an electron such as, for example, 
a chlorine [Cl] atom: 


Choe Cle 


Non-metals are more electronegative than metals, and 
the rule that elements in a chemical formula are listed 


Page 236 


in order of increasing electronegativity conforms to 
the long-established practice of naming a salt by writ- 
ing the metal first. For example, the chemical formu- 
la for sodium chloride is NaCl. 


A potential problem with the rule arises because many 
chemical elements have rather similar electronegativ- 
ities and inconsistent lists of electronegativities have 
been published. To avoid this problem, in 2005 the 
International Union of Pure and Applied Chemistry 
(IUPAC) published a list of the elements arranged in 
the order in which IUPAC requires them to appear in 
chemical formulas. Using this new list poses some 
new problems. For example, the pyrotechnically im- 
portant compound potassium chlorate, conventionally 
written as KCIO3, now becomes KO3Cl. (The same 
applies to KClO4, which becomes KO,Cl.) It seems 
unlikely that this confusing change will be widely ac- 
cepted, and the traditional practice is used in this text. 


There is no problem with the IUPAC system with the 
traditional formula for barium carbonate [BaCOs]. 
The metal (in this case barium) comes first, oxygen 
comes last and carbon comes in between. The sub- 
script 3 indicates that there are three oxygen atoms, 
and no subscript is used if there is just one atom, as 
for carbon and barium. When a collection of atoms in 
a chemical formula is included in parenthesis, and 
there is a subscript afterward, that indicates that all 
the atoms inside are to be multiplied by the subscript. 
For example, in strontium nitrate [Sr(NO3)2], there 
are two nitrogen atoms and six oxygen atoms. 


Occasionally, for clarity in a chemical formula, the 
physical state of the substance is indicated. For ex- 
ample, the melting of ice can be written as: 


HO) + heat > H20q) 


Here, the smaller size s in parenthesis (s) signifies that 
the water is in the solid state. Similarly, (@) and (g) in- 
dicate the liquid and gaseous states, respectively. For 
example, the boiling (or the evaporation) of water can 
be written as: 


HO) + heat > H20¢g) 


For salts that form hydrates, the chemical formula is 
written to show the combined water as H2O molecules, 
rather than distributing its individual atoms within the 
chemical formula. For example, hydrated strontium 
nitrate has four molecules of water within its crystal- 
line structure for every Sr(NO3)2 group. Its formula is 
written Sr(NO3)2-4H2O and not SrN2HgO10, which 
would be correct as its empirical formula (discussed 
below). In this case, the dot between strontium nitrate 
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and water indicates that these two components are part 
of the same substance (strontium nitrate tetrahydrate). 


The electrical charges on ions are indicated by super- 
scripts immediately to the right of the formula. For a 
cation, the number of positive charges (1.e., electrons 
lost) is indicated by superscripted symbols: + for one 
lost electron, 2+ for two lost electrons, and so on. 
Similarly, for an anion, a single excess electron is in- 
dicated by a superscripted —, two excess electrons by 
2— and so on. For example, the potassium cation is 
K*, the barium cation is Ba’*, the chloride anion is 
CI and the carbonate anion is CO; . 


empirical formula — When a chemical formula 
simply indicates the ratios of the number of atoms of 
the elements in a chemical compound, it is described 
as an empirical formula. Groupings of atoms, such as 
might be indicated using parentheses, are not used in 
writing an empirical formula; all the chemical sym- 
bols are run together as a single group. For example, 
where the normal chemical formula for strontium ni- 
trate tetrahydrate is Sr(NO3)24H2O; its empirical 
formula is SrN2HsO 10. 


molecular formula — When a chemical formula in- 
dicates the number of atoms of each element in each 
molecule of a chemical compound, it is described as 
a molecular formula. For example, the empirical for- 
mula for arsenic(II) sulfide is AsS, whereas its mo- 
lecular formula is As4Su. 


structural formula — A structural formula includes 
short lines, representing chemical bonds between at- 
oms, which indicate how the atoms are bonded to- 
gether. For example, the simple structural formula for 
water is H-O—H. Sometimes a more elaborate struc- 
tural formula is drawn to indicate how the atoms are 
arranged in space, for example, the fact that the water 
molecule is not linear can be indicated with the struc- 
tural formula illustrated as: 


Occasionally it is also useful to identify the location 
of the outer electrons that are not directly involved in 
bonds. This can be indicated by dots located close to 
the relevant atomic symbol. One dot indicates a sin- 
gle electron, two dots a pair of electrons. For exam- 
ple, the oxygen atom in water has two pair of cova- 
lently bonded electrons and two pair of non-bonded 
electrons, which can be illustrated as: 
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: Covalent- 
‘@5,. Bonded 
~'/ Electron 
Pair 


Non-bonded 
Electron 
Pair 


Finally, the three-dimensional orientation of the at- 
oms can be made clearer by using a stereo-chemical 
formula. The four outer electron pairs of the oxygen 
atom in water (one pair in each bond to a hydrogen 
atom, and two non-bonding pairs) are arranged in a 
somewhat distorted tetrahedral shape, indicated by 
drawing the formula as illustrated below, where the 
wedge-shaped bond is an attempt to indicate that it is 
extending out of the page, toward the reader: 


b., 
\ ° 


H 


Hm 


In this text, in most instances, only the simpler two- 
dimensional representations of structural formulas are 
used. 


CHEMICAL FORMULATING — The process of develop- 


ing a chemical formulation, which is a mixture of 
chemicals for a specific purpose. 


CHEMICAL FORMULATION — (Also formulation) — 


Although not grammatically correct usage, itis becom- 
ing somewhat common to use the term formulation to 
mean a pyrotechnic recipe (i.e., a listing of the kind and 
amount of chemical substances contained in a pyro- 
technic composition). This can be useful because it 
helps to distinguish between a recipe (e.g., 6 parts po- 
tassium nitrate, | part sulfur and | part charcoal) and a 
chemical formula (e.g., KNO3 for potassium nitrate). 


CHEMICAL FUEL — See fuel. 


CHEMICAL GROUP — A set of chemical elements hav- 


ing somewhat similar chemical properties as a result 
of their having the same number of outermost elec- 
trons in the same type of atomic orbital (see quantum 
theory (atomic structure)). The discovery of these 
natural groupings formed the basis for the periodic 
table of the elements created by the Russian chemist 
Dmitri Mendeleev (1834-1907). With the arrange- 
ment of elements in that table, the chemical groups of 
elements appear in vertical columns. 


Occasionally it is convenient to refer to the elements 
in a group by the name of the group; for example, the 
chemical group described as alkali metals consists of 
lithium, sodium, potassium, rubidium, cesium and 
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francium. The atoms of these elements each have one 
completely filled set of atomic orbitals surrounded by 
a spherical orbital occupied by a single electron. The 
outermost electron is easily removed, leaving the at- 
om as an ion with a single positive charge. 


Some of the other chemical groups are described as 
alkaline earth metals, chalcogens, halogens and no- 
ble gases. 


CHEMICAL HAZARD RATING — See hazard rating for 
chemical. 


CHEMICAL IDENTITY (industrial hygiene) — The name 
that will uniquely identify a chemical. This can be the 
chemical name that is in accordance with the nomen- 
clature system of the International Union of Pure and 
Applied Chemistry IUPAC) or a registration number 
from the Chemical Abstracts Service (CAS number), 
a technical name or a trade name. 


CHEMICAL INCOMPATIBILITY — See chemical com- 
patibility, hazardous chemical combinations and sen- 
sitiveness (chemical sensitiveness). 


CHEMICAL INHIBITOR — A substance added to a 
chemical mixture to prevent the occurrence of an un- 
desired chemical reaction. For example, in pyrotech- 
nics, boric acid may be added to a sparkler composition 
to inhibit the adverse reaction between aluminum, wa- 
ter and nitrate ions (see aluminum). Also, potassium 
dichromate may be added to mixtures containing am- 
monium perchlorate and magnesium to produce a con- 
version coating that inhibits the corrosion of magne- 
sium. 


The term chemical pacifier is sometimes used as an 
alternative for chemical inhibitor, but this use is dis- 
couraged, because chemical pacifier is more common- 
ly used to refer to a tranquilizing psychoactive drug. 


CHEMICAL ISOLATION (fire suppression) — A means 
of control for fire and explosion by preventing a 
flame front (and further ignition) from being con- 
veyed past a predefined point by injection of a chem- 
ical suppressant. For example, fire suppression chem- 
ical isolation can be used to prevent the propagation 
of fires and explosions in exhaust ducts carrying or 
containing flammable or explosive mixtures. In this 
case, the rapid injection of an adequate quantity of 
powdered sodium hydrogen carbonate downstream of 
the flame front can prevent its further propagation. 
Obviously very high-speed detection (usually by 
means of infrared sensors) of an incident and the near 
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instantaneous triggering and dispersing of the sup- 
pressant is critical for successful operation. 


Chemical isolation equipment shares common features 
with, and in some cases, is an alternative to, deluge fire 
suppression (see fire suppression system, explosive). 


CHEMICAL MIXTURE - A physical combination of 


chemical ingredients that have not reacted chemical- 
ly, and which, in principle, could again be separated 
by physical means (e.g., by using a microscope and 
tweezers or a needle, or by solvation and evaporation). 
A pyrotechnic composition, even if highly consolidat- 
ed, such as Black Powder, is an example of a chemi- 
cal mixture. (Contrast with chemical compound.) 


The chemical components of Black Powder can be 
separated by 1) Dissolving its potassium nitrate com- 
ponent in water and filtering out the remaining char- 
coal and sulfur. 2) Dissolving the sulfur component 
in perchloro-ethylene and filtering out the remaining 
charcoal. 3) The process is completed by evaporating 
the water and perchloro-ethylene solutions to dryness. 


CHEMICAL MODELING — See thermochemical model- 


ing. 


CHEMICAL NAME, INORGANIC — For several reasons, 


the same chemical substance can be known by sever- 
al different names. An indication of the possibilities 
for confusion regarding the multiplicity of chemical 
names for the same substance is given by the long 
lists of synonyms presented on many Material Safety 
Data Sheets and by the various dictionaries of chemi- 
cal synonyms and trade names. This can be confus- 
ing, especially for non-chemists and when consulting 
old pyrotechnic literature. For this reason, an extend- 
ed discussion of current and past naming schemes has 
been included in this text: even this is not adequate to 
exhaust the subject. 


New chemical naming schemes have been introduced 
from time to time in the hope of making chemical 
names more consistent with the nature of the named 
substances and to aid in communication between peo- 
ple speaking different languages. Over the years, many 
chemicals acquired multiple names, and it often hap- 
pened that a chemical used in a specific art or craft 
retained the name that it had at the time it was first in- 
troduced, despite changes in the formal name. In py- 
rotechnics, for example, the name saltpeter was used 
long after the formal name became potassium nitrate. 


Sometimes a chemical that was in common use in an 
industry was given a new informal name by the work- 
ers. Firework makers once tended to call potassium 
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nitrate ‘peter’ (an abbreviation of saltpeter) and po- 
tassium chlorate was described as potash (from its his- 
torical name, chlorate of potash). The latter usage of the 
word potash is potentially very confusing to the unin- 
itiated, because potash was commonly used as the 
name for potassium carbonate. Its use to mean potas- 
sium chlorate was limited to firework makers, and, 
being so obscure, is unlikely to appear in dictionaries. 
This example shows the merit of having formal chem- 
ical names that are unambiguous and more readily 
understood by speakers of other languages. 


For this discussion, the subject of inorganic chemical 
names is divided into five parts: formal names, com- 
mon names, trade names, mineral names and histori- 
cal names. 


formal names of inorganic compounds — For- 
mal names are intended to remove any possible mis- 
understanding regarding the substance being dis- 
cussed. This is especially important in technical areas 
such as pyrotechnics, where a misunderstanding could 
lead to an accident. 


The most recent revision (2005) of the International 
Union of Pure and Applied Chemistry IUPAC) “Rules 
for Inorganic Nomenclature” accepts several different 
schemes for formally naming chemical compounds. 
These are discussed below in various levels of detail. 


IUPAC recommends that certain naming schemes be 
used for specific types of compounds. For example, 
the additive scheme is recommended for coordination 
compounds, the substitutive scheme is recommended 
for covalently bound molecules, and one of the com- 
positional schemes is recommended for ionically 
bound compounds. The choice of which naming 
scheme to use is left open to the user; there are no 
rules that rigorously restrict certain naming schemes 
to particular types of compounds. 


Simple names: A useful rule is to keep the formal 
name as simple and familiar as possible. For example, 
simple compounds composed of a metal and a non- 
metal are described by the metal name followed by the 
non-metal name slightly modified to end in ‘ide’. A 
few examples of simple names are presented below. 


Chemical 
Formula | Chemical Name 


As compounds become more complicated, so does the 
naming of those compounds. 
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Compositional names |: For the most part, this is the 
chemical naming system used in the “CRC Handbook 
of Chemistry and Physics” (88™ edition, 2007), and 
those CRC names have been adopted as the preferred 
chemical names used in this text. 


When a metal can combine in different proportions 
with the same non-metal, the resulting compounds can 
be differentiated by a Roman numeral, which desig- 
nates the oxidation number (or formal charge) of the 
metal. The oxidation state is the electronic charge that 
the metal would have to carry to make the compound 
electrically neutral if the compound is assumed to be 
100% ionic and the non-metal ions are assumed to 
carry their usual negative charges (e.g., —1 for fluo- 
rine [F] and chlorine [Cl]; —2 for oxygen [O] and sul- 
fur [S]). A few examples demonstrating this method 
are presented below. Note in the third iron oxide ex- 
ample that two Roman numerals are used. This is be- 
cause the iron atoms have two different oxidation 
states, Fe** and Fe*”. 


Chemical | Preferred 
Formula Chemical Name 


This nomenclature has replaced an older system that 
used one of two suffixes on the metal name to ac- 
complish much the same thing, but in a less straight- 
forward manner. The suffix ‘ous’ was used in naming 
the metal having the lower of two oxidation states 
and ‘ic’ for the metal having the higher oxidation 
state. In neither case was the oxidation state speci- 
fied, nor could this system cope with metals having 
more than two oxidation states. Some examples of 
this older system are presented below. 


Chemical | Older 
Chemical Name 


Molecular ions: Each of the common molecular ions 
has its own chemical name. A few examples are pre- 
sented below. 
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rion Name | Formula 


Ammonium | NH,* 


When a molecular ion is a component of a chemical 
compound, its name is used unchanged, with the pos- 
itive ion named first. A few examples demonstrating 
this method are presented below. 


Chemical 
Formula Chemical Name 


Potassium chlorate 


Lattice (or addition) compound names: Many chemi- 


cals are described as lattice compounds (also de- 
scribed as addition compounds) consisting of two or 
more individual compounds bonded together within a 
crystal lattice. These include many minerals, for ex- 
ample, atacamite [CuCl2-3Cu(OH)2], composed of a 
repeating array of one copper(II) chloride unit and 
three copper(II) hydroxide units within a crystal lat- 
tice. This same chemical substance is used in pyro- 
technics as a blue flame color agent under the com- 
mon name copper(II) oxychloride. 


The IUPAC nomenclature for lattice compounds is to 
name each component compound, join them with an 
‘em’ dash (—), and then append parentheses with 
numbers showing the ratio of each component, sepa- 
rated by a solidus (forward slash, /). Thus, the formal 
name for copper oxychloride [CuCl2-3Cu(OH)2] is 
copper(II) chloride—copper(II) hydroxide(1/3). 


If one of the components of the lattice compound is 
water, the older practice of using the suffix hydrate is 
still acceptable (and is used in this text). For example, 
CuSO4:5H20, which would be named copper(II) sul- 
fate—water(1/5) in the new IUPAC system, can still 
to be described as copper(II) sulfate pentahydrate. 


The older practice of naming lattice compounds con- 
taining a metal hydroxide as ‘basic’ is not approved 
by IUPAC (and is not used in this text). For example, 
basic copper carbonate (sometimes simply referred to 
as copper carbonate) is a common name in the pyro- 
technic literature for CuCO3-Cu(OH)2. The confusion 
that can result from the use of this name is evident 
from the fact that it could refer to two different com- 
pounds: CuCO3-Cu(OH)2 (the bluish-green mineral 
malachite) and 2CuCO3-Cu(OH)2 (the blue mineral 
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azurite). The current names for these are copper(II) 
carbonate—copper(II) hydroxide(1/1) and copper(II) 
carbonate—copper(II) hydroxide(2/1), respectively. 


Compositional names Il: An alternative system of 
compositional names for nonmetal-nonmetal com- 
pounds is derived in a straightforward way from their 
chemical formulas. While this system can seem some- 
what cumbersome, it has the advantage of being quite 
specific and relatively easy for non-chemists to use. 


For simple compounds, each 


nonmetal is named in turn and eave 
as needed has a prefix indicat- 


ing the number of that type at- 
om in the compound. The most 
commonly used prefixes are 
presented at the right. 


For example, using this scheme 
P,O3 is diphosphorus trioxide, 
As4S4 is tetraarsenic tetrasul- 
fide, and BCI, is boron trichloride. 


The ‘mono’ prefix is optional and is assumed if no 
prefix is given. Usually it is used only for emphasis. 
For example, CO is carbon monoxide (and not carbon 
oxide) because there is also CO> (carbon dioxide). 


Substitutive names: In organic chemistry, the name 
of a chemical is derived from a named hydrocarbon 
by imagining that other atoms or groups of atoms 
have been substituted for hydrogen atoms (examples 
are given later). Inorganic compounds can be named 
in the same manner. A hydrogen compound of an el- 
ement is given a unique name and other compounds 
are named by imagining them to be derived from the 
hydrogen compound by substituting some other atom 
or group of atoms for a hydrogen atom. 


In this system, the parent hydrogen compound is giv- 
en a special name ending in ‘ane’. For example, SiH4 
is described as silane; when chlorine atoms are sub- 
stituted for the hydrogen, the resulting compound 
SiCl4is named tetrachloro-silane. 


Additive names: Additive names are mainly used for 
coordination compounds, in which one or more at- 
oms or groups of atoms bond to a metal atom or ion 
by donating a pair of electrons to a vacant orbital of 
the metal atom or ion. In the additive scheme, the 
names of the attached atoms or groups are put in 
front of the name of the central atom or ion. For ex- 
ample, consider the molecular ion Cu(NH3)4”", the 
ion Cu’ is described as copper(II) and the group — 
NHs is described as ammine, thus, the resulting com- 
plex ion is described as tetraammine copper(II) ion. 
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common names of inorganic compounds — A 
number of chemical substances that are in common 
use have been given non-scientific names. Among 
these, water probably stands alone as one for which 
no one would suggest a more formal name is needed 
or even appropriate. There are others for which for- 
mal names are appropriate when those substances are 
addressed in the technical literature. A few examples 
are presented below. 


Common Chemical 
Name Formula Formal Name 


There is nothing wrong with using familiar informal 
names, especially when speaking non-scientifically, 
but in technical writing, it is usually better to use the 
formal name, or (especially if the formal name is cum- 
bersome) to give the formal name (and often the chem- 
ical formula) the first time the chemical is mentioned 
and thereafter use the common name. For example, one 
might first write Paris green [copper(II) acetate— 
copper(II) arsenite (1/3), Cu(C2H302)2:3Cu(AsO2)2] 
and from then on simply write Paris green. The aim is 
always to give the reader no opportunity to misunder- 
stand. 


In this text, while some common chemical names are 
included as cross references, the primary entries for 
those chemicals are given under the substance’s for- 
mal name, generally as it appears in the “CRC Hand- 
book of Chemistry and Physics”. 


older formal names of inorganic compounds — 
Early attempts at formal naming gave little or no in- 
dication of the composition of the chemical. Later, 
compounds were given names that indicated their 
chemical composition, but the names were often in- 
consistent and confusing. Some examples are pre- 
sented below. 


Chemical | Older 
Formula Formal Name 


The first two examples demonstrate the use of triox- 
ide to indicate the presence of three atoms of oxygen. 
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This left one to memorize how many atoms of the oth- 
er element were associated with them. Next, consider 
the names of the compounds Cr203 and CrO3 — clear- 
ly only one of them was chromium trioxide, but 
which one? Finally, As4S4 is sometimes described as 
arsenic disulfide, suggesting two sulfur atoms. This 
came about because for a long time the formula was 
mistakenly thought to be As2S». 


Other earlier attempts to make the names consistent 
and unambiguous resulted in names that were excep- 
tionally confusing, especially to non-chemists. For ex- 
ample, it was once decided that the names of molecular 
anions that consisted of an element and oxygen should 
be designated by the suffix ‘ate’ followed by the oxi- 
dation number of the element. Under this scheme 
KCIO3 was to be potassium chlorate(V), and KC1O« 
was potassium chlorate(VII). Not surprisingly, this 
nomenclature was not adopted to any great extent. 


trade names of inorganic compounds — A number 
of substances have been given trade names by their 
manufacturers. In some cases, these names have come 
into common use, but the names do not identify the 
composition of the substance, and there is generally 
little or no difference between one manufacturer’s 
product and that of another. A few examples are pre- 
sented below. 


In this text, while some trade names are included as 
cross references, the primary entries for those chemi- 
cals are given under the substance’s formal name. 


mineral names — Another source of chemical nam- 
ing confusion is the fact that some chemicals occur 
naturally as minerals, and as such have names as- 
signed to them by the mineralogists. A few examples 
of substances of relevance to pyrotechnics that occur 
as minerals are presented below. 


Chemical 
Formula | Formal Name 
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To reduce confusion arising from the use of mineral 
names, IUPAC recommends that mineral names not be 
used for chemical substances. In this text, while some 
mineral names are included as cross references and 
others are included in a listing of some synonym and 
historical chemical_names, the primary entries for 
those chemicals are given under the substance’s formal 
name. 


historical names of inorganic compounds — 
Some of the many historical names of inorganic 
compounds can be found in the entry chemical name, 
synonym and historical. 


CHEMICAL NAME, ORGANIC — The naming of organ- 
ic chemical substances is especially complex. In part, 
this is because organic substances themselves are in- 
credibly varied and often quite complex. This naming 
complexity is also because historic and common 
names, as well as names introduced in earlier attempts 
at formal naming, continue to persist. Rather than de- 
vote the many pages of text needed to address the sub- 
ject of organic chemical names properly, only a brief 
introduction to the subject is presented. Some addi- 
tional information is included elsewhere in this text 
in entries addressing specific classes of organic sub- 
stances. 


formal names of organic compounds — Organic 
chemicals have names, recommended by the Interna- 
tional Union of Pure and Applied Chemistry IUPAC), 
based on the names of hydrocarbons. In this system, 
the name of the chemical is derived from a named hy- 
drocarbon by imagining that other atoms or groups of 
atoms (i.e., radicals) have been substituted for hydro- 
gen atoms in the hydrocarbon. A few of the names of 
radicals are presented below. 


Radical Chemical 
Name Formula 


For example, when a nitro group replaces one hydro- 
gen atom of methane [CH,], the result is the com- 
pound named nitromethane [CH3-NO2]. When more 
than one of the same atom or radicals has replaced 
hydrogen atoms, a prefix is used to designate their 
number. For example, if two chlorine atoms replace 
hydrogen atoms in methane, the result is dichloro- 
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methane [CI-CH2-Cl]. The 


Number 


most commonly used of these |[o¢ atoms | Prefix 


types of prefixes are presented 
at the right. 


Making the naming slightly 
more complicated is that when 
some radicals are involved, a 
different naming scheme spe- 
cific to that radical is used. For 
example, simple alcohols are formed when a single 
hydroxyl group is added to a hydrocarbon. When that 
hydrocarbon is methane, the compound methanol 
[CH3—OH] is formed. In this case the final ‘e’ of me- 
thane has been replaced with the final ‘ol’ of alcohol. 


When the hydrocarbon with its attachments become 
sufficiently complex, it is necessary to indicate in the 
compound’s name where the attachments have oc- 
curred. As an example, consider the alcohol based on 
propane, with its three-carbon chain. In this case, the 
hydroxyl radical could be attached to one of the two 
terminal carbon atoms, or it could attach to the middle 
one. In either case, the alcohol would be described as 
propanol with a number imbedded indicating the car- 
bon atom where the attachment has occurred. The 
name propan—1—ol designates the attachment point as 
the number | (or one of the other end) carbon atoms. 
The name propan—2-ol designates the attachment point 
as the number 2 or second (i.e., middle) carbon atom. 
This alcohol has traditionally been named isopropyl 
alcohol, or more recently, isopropanol. 


names of complex natural organic substances 
— Materials obtained from plants or animals are typi- 
cally mixtures of complex organic compounds. These 
materials typically have a somewhat variable compo- 
sition depending on their source and the conditions un- 
der which the plant or animal lived. These materials are 
typically designated using their historical names, some 
examples are presented below. 


Complex Organic Substance 


IN TrOM pl 


from 
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trade names of organic compounds — Many sub- 
stances have been given trade names by their manufac- 
turers. In some cases, these names have come into 
common use, but, the names do not identify the compo- 
sition of the substance, and there is little or no differ- 
ence between one manufacturer’s product and that of 
another. The table below presents a few examples. 


Trade Name | Chemical Formula | Formal Name 


In this text, while some trade names are included as 
cross references, the primary entries for those chemi- 
cals are given under the substance’s more formal name. 


historical names of organic compounds — A 
few of the many historical names of organic com- 
pounds can be found in the entry chemical name, 
synonym and historical. 


CHEMICAL NAME, SYNONYM AND HISTORICAL — 
Chemically-based arts and crafts, including pyrotech- 
nics, have been practiced for at least a thousand years, 
long before our modern ideas of atoms and how they 
combine to form various substances. Accordingly, 
substances were often named after the mineral or mate- 
rials from which they were produced or for some prop- 
erty of the substance. The same substance was often 
known by different names in different geographic lo- 
cations and within different trades. Even after science 
had developed significantly, many of these early names 
persisted, other informal names were added, and for- 
mal naming systems were refined over time. 


A complete listing of all the historical, mineral and 
common (i.e., informal) names of the chemicals used 
in pyrotechnics is well beyond the scope of this text. 
Nonetheless, it is hoped that the information below 
will be of use. 


The multiplicity of synonyms and historical names 
for the same substance is especially common for 
chemicals that were useful as early paint pigments. 
For example, iron(II) oxide [Fe203] has at least 40 
historical names, only a few are presented below. 
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Historical Names for lron(IIl) Oxide 


Many early chemical names are based on minerals 
from which they were obtained, and many more were 
in Latin. Thus, they are likely to be difficult to trans- 
late into their modern names. A few historical chemi- 
cal names that will be encountered in the early pyro- 
technic literature are presented below. 


Historical Term 


In the late 18" century and very early 19"" century some 
substances, which were subsequently found to consist 
of metal oxides or hydroxides, were mistakenly 
thought to be chemical elements. The original names 
for many of these remained in common use long after 
the true nature of the substance was established. The 
early names also persisted in the names assigned to 
salts derived from these substances. Primarily ad- 
dressing nitrates, in the following example, the same 
name (often with some modifying word) was applied 
to more than one substance. 


Historical Name 
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The International Union of Pure and Applied Chem- 
ists (IUPAC) recommend that mineral names not be 
used for chemical substances. In this text, while some 
mineral names are included as cross references, the 
primary entries for those chemicals are listed under 
the substance’s formal chemical name. 


Some would argue that many of the chemical names, 
described in this text as historical, are fully legitimate 
synonyms. While that might be the case, in this text, 
those chemical names are included only as cross ref- 
erences and the primary entries for those chemicals 
are given under the formal name of the substance. 
Some examples of historical, common and mineral 
names of substances used in pyrotechnics are pre- 
sented below, with their corresponding formal name. 


Historical or 
Common Name |Modern Name ®) 


_fGum Arabic 
Antimony/(Ill) sulfide 


Antimony 


Antimony/(IIl) sulfide 
lron(Il, III) oxide 


Mercury(l) chloride 


Sodium nitrate 
Sodium nitrate 
Mercury(Il) sulfide 


a) Methanol 


iron) acess 


Copper(|) oxide 


Copper(Il) acetate— 
copper(ll) arsenite (1/3) 
Arsenic(IIl) sulfide 


Lead(Il) oxide 


a) This is the formal name as used as the heading of the 
primary entry in this text. 
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Historical or 
Modern Name @) 
Common Name 


Malachite Copper(Il) carbonate 
hydroxi 


Methylated spirits |Methanol 


Ga copper(II) arsenite (1/3) 


Pearl ash Potassium carbonate 
Arsenic(Il) sulfide 


lron(IIl) oxide 


Ranh vikiol Copper(Il) sulfate 


| pentahydrate 
Ammonium chloride 


Sal ammoniac 
Potassium carbonate 


Sodium carbonate 


Methanol 


Yellow lead oxide |Lead(Il) oxide 
Zinc white Zinc oxide 


a) This is the formal name as used as the heading of the 
primary entry in this text. 


CHEMICAL PACIFIER — See chemical inhibitor. 


CHEMICAL PERIOD — A single row in the periodic ta- 
ble of the elements. Chemical periods are formed by 
arranging the elements in order of increasing atomic 
number, and then starting a new row after each inert 
gas. The first period consists of only two elements, 
hydrogen and helium. The second and third periods 
(lithium to neon and sodium to argon) each contain 
eight elements, the fourth and fifth periods (potassi- 
um to krypton and rubidium to xenon) each contain 
eighteen elements, while the sixth, from caesium to 
radon, contains thirty-two elements. At the end of the 
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table an incomplete seventh chemical period begins 
at francium. For convenience the, elements from lan- 
thanum to lutetium in the sixth period and those from 
actinium to lawrencium in the seventh period are of- 
ten placed separately under the main table. 


CHEMICAL PRODUCT — (Also reaction product) — 
Any substance produced as the result of a chemical 
reaction. These substances are shown to the right of 
the arrow in a chemical equation. For example, con- 
sider the reaction: 


2H, + Oo > 2H2O + heat 


In this case, water [H2O] is the chemical product. 
Heat is also produced, but since heat is not a sub- 
stance, it not a chemical product. (Contrast with 
chemical reactant.) 


chemical by-product — The less desirable (and of- 
ten waste) substance(s) produced by a manufacturing 
process. Chemical by-products may be the result of a 
chemical reaction, but they may also be the result of 
mechanical or physical processing. 


CHEMICAL PROPERTY — Any of the ways in which a 
substance behaves when given the opportunity to un- 
dergo a chemical reaction with various specified sub- 
stances. 


CHEMICAL REACTANT — (Also reactant) — The start- 
ing material(s), prior to a chemical reaction. These 
are shown to the left of the arrow in a chemical equa- 
tion. For example, consider the reaction: 


2H. + Or > 2H2O + heat 


In this case, hydrogen [H2] and oxygen [O2] molecules 
are the chemical reactants. (Contrast with chemical 
product.) 


CHEMICAL REACTION — A process in which chemical 
reactants are transformed into chemical products. The 
total number of atoms of each element in the reactants 
must equal the total number of atoms of that same el- 
ement in the products. For examples of several clas- 
ses of chemical reactions, see chemical reaction type. 


In a chemical reaction, existing chemical bonds are 
broken, and new bonds are formed. An input of ener- 
gy is required to break chemical bonds, and energy is 
released when new bonds form. If, on average, the 
new bonds formed during a chemical reaction are 
stronger than the old bonds that were broken, there is 
a net production of energy. For pyrotechnic reactions 
to be self-sustaining, they must be energy-producing 
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(i.e., exothermic), with the new chemical bonds on 
average being stronger than the old bonds. 


The flow of energy during a pyrotechnic reaction is 
illustrated below. 


Activation | 
Energy 


Heat of 
Reaction 


Internal Energy 
aS ea ee cee sae ee eee ce 


Reaction Progress 


First, when energy is supplied to the composition to 
break existing chemical bonds, that input of energy 
increases the internal energy of the composition. Then, 
as new bonds form, energy is produced, which corre- 
sponds to a decrease in internal energy. 


It often happens, especially in pyrotechnics, that the 
reaction produces many different products. This is 
because there are often many competing reactions 
taking place at the same time. Sometimes, too, the 
products of a reaction can further react with each oth- 
er or with a component of the air (typically oxygen). 


If the products of a reaction include some of the set 
of original reactants, the reaction is described as a re- 
versible reaction. A reversible reaction can proceed 
in either direction, with the final concentration of re- 
actants and products depending on the conditions un- 
der which the reaction is carried out. Relevant condi- 
tions include temperature, pressure and the amount of 
each reactant at the start of the reaction. Competing 
reactions and reversible reactions are explained by 
the concept of chemical equilibrium. 


In pyrotechnics, the final products of the reaction are 
often of less importance than the intermediate prod- 
ucts that exist at the high temperatures produced by 
the initial reaction. For example, the ash and smoke 
left after a colored flame has extinguished are of rela- 
tively little interest, except perhaps to environmental- 
ists and industrial hygienists. The important reactions 
in a colored flame are those temporarily producing 
the electronically excited molecules or atoms that 
generate colored light. (See colored-flame chemistry.) 


CHEMICAL REACTION TYPE — Chemical reactions 


can be divided into several general types. Examples 
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of chemical reactions relevant to pyrotechnics in- 
clude combination, displacement, decomposition, 
disproportionation, double decomposition and oxida- 
tion/reduction. These classifications (discussed below) 
are neither exhaustive nor mutually exclusive. 


combination reaction — (Also synthesis reaction) 
— In a combination reaction, two or more chemical 
substances combine to form a new substance. This 
type of reaction has the general chemical equation: 


A+B27> AB 


An example from pyrotechnics is zinc and sulfur re- 
acting (i.e., combining) to form zinc sulfide [ZnS]: 


Zn +S > ZnS 


When the zinc and sulfur are in the form of fine pow- 
ders and are in the correct proportions, the mixture is 
readily ignited, and the reaction generates so much 
heat that the zinc sulfide is vaporized. This mixture 
has been used as a propellant in model rockets. 


combustion reaction — See below, oxida- 
tion/reduction reaction. 


displacement reaction — In a displacement reac- 
tion, one component of a substance is displaced by 
another similar, but more reactive component. This 
type of reaction has the general chemical equation: 


AB+C7> AC +B 


Anexample from pyrotechnics is the reaction of pow- 
dered aluminum mixed with powdered iron(II, II) ox- 
ide [Fe3Os]: 


8 Al + 3 Fe;304 > 4Al203 + 9 Fe 


In the correct proportions, this mixture can be ignit- 
ed, and the displacement reaction releases so much 
heat that molten iron is produced. This is the thermite 
reaction (one of many similar reactions described as 
Goldschmidt reactions). It is useful for welding in 
remote locations and for some military applications. 
Other Goldschmidt reactions are useful in making 
gasless fuse elements and in some electric match 
compositions. 


decomposition reaction — The partial (or total) 
disassembly (i.e., breaking up) of a single chemical 
compound into smaller chemical entities (often the 
reverse of a combination reaction.) This type of reac- 
tion has the general chemical equation: 


AB > A+B 
In_pyrotechnics: The heating of sodium hydrogen 


carbonate (i.e., sodium bicarbonate) [NaHCO3] causes 
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it to decompose and absorb heat in the process (an 
endothermic reaction): 


2 NaHCO; + heat > NaxCO3 + H20 + CO» 


This endothermic decomposition reaction is used in 
some smoke compositions to keep the combustion 
temperature sufficiently low to preserve certain key 
chemical compounds (e.g., smoke dyes and insecti- 
cides) that would otherwise be destroyed by higher 
temperatures. 


In_explosives: Many high explosive chemical reac- 
tions are highly exothermic decomposition reactions. 
For example, the reactions involved in the explosion 
of nitroglycerin (trinitro-glycerol [C3HsN30o]) can be 
summarized as: 


4 C3HsN3059 > 
6N2 + 12 CO2 + 10 H2O + Or + heat 


disproportionation reaction — A chemical reac- 
tion in which a chemical compound containing an el- 
ement in a given oxidation number decomposes into 
products in which that same element takes both a 
higher and a lower oxidation state than it had in the 
original compound. For example, an important emit- 
ter of red light in pyrotechnic flames is the gaseous 
free radical (i.e., molecule) strontium monochloride 
[SrCl’]. (See colored-flame chemistry.) This mole- 
cule, in which strontium has a +1 oxidation state, is 
stable at flame temperatures. At lower temperatures, 
strontium monochloride undergoes a disproportiona- 
tion reaction to form elemental strontium (Sr, oxida- 
tion state 0) and strontium chloride [SrCly] (Sr’*, oxi- 
dation state +2). Throughout this reaction, chlorine 
remains in the same oxidation state (—1): 


2 SrCl’ > Sr° + SrClo 


Another example of a disproportionation reaction of 
relevance in pyrotechnics is the reaction of potassium 
chlorate [KC1O3] when heated: 


4KCIO; > 3 KClO, + KCl 


In this case, three of the chlorine atoms change their 
oxidation state from +5 to +7, while the fourth chlo- 
rine atom changes its oxidation state from +5 to -1. 
This reaction only occurs to a substantial extent when 
pure potassium chlorate is heated (especially in the 
absence of a catalyst such as manganese dioxide or 
readily combustible fuels). 


double-decomposition reaction — (Also metathe- 
sis reaction) — A chemical reaction between two salts 
in which the anion of one salt reacts, or combines, 
with the cation of the other. Such reactions can be 
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troublesome (or worse) in pyrotechnics. Consider the 
reaction that occurs between ammonium perchlorate 
[NH4ClO,] and potassium nitrate [KNOs] in the pres- 
ence of moisture: 


NHuClOs + KNO3 > KClO4 + NH4NO3 


This troublesome reaction can occur if a wet prime, 
based on Black Powder, is applied to a star contain- 
ing ammonium perchlorate. In this example, the reac- 
tion proceeds to the right because potassium perchlo- 
rate [KCIO,] is by far the least soluble of the four 
combinations of the anions and cations. The other 
product, ammonium nitrate [NH4NOs3], is highly Ay- 
groscopic (deliquescent if the humidity is sufficiently 
high) and can cause the formation of a wet layer be- 
tween the prime and the star, with obvious undesira- 
ble consequences. 


Of greater concern is the reaction that can occur be- 
tween an ammonium salt (such as ammonium per- 
chlorate [NH4ClO,]) and a chlorate (such as potassium 
chlorate [KCIO3]). In this case, a  double- 
decomposition reaction can form the spontaneously 
explosive ammonium chlorate [NH4ClO3]: 


NH.~ClOg + KCIO3; > KClOg + NHaClO3 
neutralization reaction — See neutralization. 


oxidation/reduction reaction — (Also redox reac- 
tion) — A chemical reaction in which one type of at- 
om (1.e., element) loses electrons (1.e., is oxidized) 
while another type of atom (i.e., another element) 
gains electrons (i.e., is reduced). Apart from the dou- 
ble-decomposition reaction, most of the examples 
presented above are also examples of oxidation- 
reduction reactions. For example, in the combination 
reaction of zinc [Zn] and sulfur [S], both start the re- 
action as neutral atoms (with a 0 oxidation number): 


Zn+S > ZnS 


In the zinc sulfide [ZnS] product, a covalent bond has 
been formed, in which two electrons are shared be- 
tween the two atoms. These two electrons came from 
the zinc atom, which has accordingly been oxidized. 
The sulfur atom has gained two electrons and has ac- 
cordingly been reduced. Formally, the oxidation 
states are assigned by assuming that the compound is 
purely ionic; thus, giving the zinc an oxidation state 
of +2 and the sulfur an oxidation state of —2., In fact, 
the difference in the electronegativities of these two 
elements is too small to permit the formation of a ful- 
ly ionic bond, so the result is a polar-covalent bond. 


When an oxidation-reduction reaction proceeds rap- 
idly to produce substantial amounts of heat, especial- 
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ly if accompanied by a flame, that reaction will often 
be described as a combustion reaction. 


In the explosive decomposition reaction of nitroglyc- 
erin (trinitro-glycerol [C;3HsN3Oo]), the nitrogen at- 
oms in the nitro groups [-NO2] started in a +5 oxida- 
tion state and were reduced to a 0 oxidation state in 
the diatomic nitrogen molecules [No]. At the same 
time, the oxygen atoms started in the —2 oxidation 
state and some of them were oxidized to a 0 oxida- 
tion state in the oxygen molecules [Oz]: 


4 C3HsN309 > 
6N> + 12 CO. + 10H2O + O» + heat 


CHEMICAL REACTIVITY — (Also reactivity) — A quali- 
tative description of either the ease with which a ma- 
terial will react chemically and/or the speed and ex- 
tent of the reaction when it occurs. For example, zir- 
conium metal readily reacts with oxygen in the air to 
form zirconium oxide. If the metal is in the form of a 
solid lump, the reaction stops when the surface be- 
comes coated with a very thin layer of zirconium ox- 
ide. If the metal is in the form of sufficiently finely 
divided powder, the same reaction can cause the 
powder to ignite spontaneously. Zirconium dust is 
therefore said to be have a greater chemical reactivity 
than bulk zirconium (See pyrotechnic reactivity.) 


CHEMICAL SAFETY RATING — See hazard rating for 
chemicals. 


CHEMICAL SALT — See salt, chemical. 


CHEMICAL SENSITIVENESS — See sensitiveness 
(chemical sensitiveness). 


CHEMICAL-SETTING PLASTIC — See plastic. 


CHEMICAL SMOKE -— See smoke-generation mecha- 
nism. 


CHEMICAL SPECIAL EFFECT — See special effect. 


CHEMICAL SPECIAL EFFECT MATERIAL — See spe- 
cial effect material. 


CHEMICAL STABILIZER — See chemical inhibitor. 


CHEMICAL SYMBOL — (Also atomic symbol) — The 
short notation for a chemical element. Often the 
chemical symbol is just the first letter or two of the 
element’s name. For example: O is the symbol for 
oxygen; H, for hydrogen; Al, for aluminum; and Ca, 
for calcium. In other cases, the chemical symbol is 
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derived from its name in Latin. For example, Sb for 
antimony is from the Latin stibium, Fe for iron is from 
ferrum, Na for sodium is from natrium, K for potassi- 
um is from kalium, and Pb for lead is from plumbum. 


The chemical elements (and their symbols) common- 
ly found in pyrotechnic materials are presented be- 
low. (See periodic table of the elements.) 


Chemical Chemical | Chemical Chemical 
Element Symbol Element Symbol 


Be 
Ba 


CHEMICAL TOY — See parlor firework. 


CHEMILUMINESCENCE — The emission of light as the 
result of some chemical reaction, typically at relatively 
low temperatures, in which the intensity of the emit- 
ted light is substantially greater than the intensity ex- 
pected from thermally-induced light emission at that 
temperature. In these reactions, a significant number 
of atoms or molecules of one of the reaction products 
can be produced in an excited electronic state. The 
relaxation of those excited electronic states into states 
of lower energy can produce photons. If the energy 
(i.e., wavelength) of those photons is in the visible 
range, that will be seen as the emission of light. 


Chemiluminescence is responsible for the emission 
of light by fireflies, light sticks and similar devices. It 
may also contribute to the emission of colored light 
in some pyrotechnic flames. 


CHEMISORPTION — A type of adsorption in which a 
single layer of atoms or molecules of the adsorbed 
substance is held on the surface of the adsorbing solid 
by weak chemical bonds. 


CHEMISTRY, COLOR -— See colored-flame chemistry. 
CHERRY BOMB and CHERRY SALUTE — A relatively 


-powerful exploding device that looks somewhat like 
a ripe cherry (shown below). 
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A cherry bomb is made with a cup set that consists of 
two paper cups (made of tagboard) approximately 3/4 
inch (19 mm) in diameter and that are slightly differ- 
ent in size, so they fit securely into one another, as il- 
lustrated below. 


Cup Set Halves 


A cup set can hold approximately one gram of flash 
powder. While various flash powders were used in 
cherry bombs, it was common to use formulations 
similar to that used in military M-80s, presented be- 
low (McLain, 1980): 


Ingredient Parts by Weight 


The loaded and closed cups were then coated with a 
mixture of sawdust and glue (traditionally water glass, 
sodium silicate) until they were approximately spher- 
ical. Typically, this was done by tumbling them in a 
rotating barrel (sometimes described as a sweetie bar- 
rel). A short length of visco fuse was then inserted 
and glued into a hole made into the device. 


Cherry bombs produced a sharp, loud-sounding explo- 
sion, and the hard fragments of the sawdust mixture 
were capable of inflicting serious injury at a greater 
distance than comparable devices such as M-80s, 
which that had thinner casings composed only of pa- 
per. Because of its relatively high mass and density, a 
cherry bomb could more easily be thrown to a greater 
distance than an M-80. Because of this, and their 
unique appearance, cherry bombs were especially 
popular. 
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Because the original cherry 
bombs were so widely 
known (and treasured), the 
name cherry bomb has since 
been co-opted and contin- 
ues to be used for a variety of 
firework devices. One type 
of exploding firework, 
which does not resemble the 
original device, is ordinary 
small paper firecrackers 
(shown as packaged on the 
right). 


Another item, and one that 

resembles a true cherry bomb, although larger in size 
and much less explosive, are some 1-3/4 inch (44 mm) 
reloadable consumer aerial star shells (shown below). 


ek 


Se eis * 


Historical: The basic design of the cherry bomb was 
patented (US 818,950) in 1906 by William A. Gilmer 
and J. A. Smiser. The flash powder was contained 
within a small “bag or receptacle of paper, cloth, or 
other material ... so as to assume a substantially 
spherical form”. This was “then enclosed by winding 
threads of cotton or other material, so as to produce a 
spherical body”. A claimed advantage of this design 
being composed of threads, “no danger will result 
from the explosion because there are no hard parti- 
cles to be projected”. An example of this type of con- 
struction is shown farther below on a product label 
(left) and an enlarged portion thereof (right). 


In 1930 Alberto Cimorosi patented (US 1,783,999) the 
Globe Flash Salute. This flash salute was based on 
the general design that had been patented five years 
earlier (in 1925) by Joseph B. Decker (US 1,530,460) 
for the Globe Torpedo. Originally named the Victory 
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Photo credit: Hal Kantrud 


Globe Flash Salute and used the telescoped paper cups 
technique described above. These salutes were first 
manufactured on a commercial scale for the 1930 July 
4" season (judging from entries in various old com- 
mercial catalogs). A 1930 catalog referred to them as 
the ‘new sensation’, and in some later catalogs, they 
were referred to as the sensation of 1930 or the sensa- 
tion of 1931. Despite the patent, there were soon 
many imitators, and with the inclusion of red color- 
ing, the name was changed to cherry salute (shown 
below), and later as a cherry bomb. 


Cherry bombs remained popular in the US until they 
were made illegal with the implementation of the Child 
Protection Act of 1966. They are infamous for having a 
water-resistant fuse (i.e., visco fuse) that allowed them 
to explode in or under water. After 1966, they contin- 
ued to be available for a time for use in professional 
firework displays, in agriculture and for export, but 
their legal manufacture was soon discontinued. 


CHERTIER’S COPPER — An obsolete and dangerous 
blue-flame color agent included in compositions found 
in several British firework books published in the late 
19" century. It was introduced (and named) by the 
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British pyrotechnist Dennis Times Moore (‘Practicus’, 
(1836-1897)), who adapted it from the writings of the 
French pyrotechnist Frangois-Marie Chertier (17??- 
1855). 


Moore’s original recipe to prepare Chertier’s copper is 
as follows: 


Take any quantity of common sulphate of copper 
(blue vitriol) and dissolve it in as little water as 
possible; then take an equal quantity by weight 
of chlorate of potash and dissolve it also in as lit- 
tle water as will hold it in solution. Mix these 
two solutions and boil them gently over a clear 
fire until the mixture is nearly evaporated; then 
dry the green precipitate that remains by a gentle 
heat. When dry treat it with strong liquor ammo- 
nia till it changes to a deep blue colour; then let it 
dry very gradually in a warm place. If this opera- 
tion be properly performed, you will have a fine, 
very light blue powder. This is what I designate 
as Chertier’s copper. 


The similar recipe given by Chertier did not mention 
any green precipitate, and he indicated that the addi- 
tion of ammonia was optional. He described the ma- 
terial as ‘chlorate de cuivre et de potasse’ (chlorate of 
copper and of potash). Chertier introduced it as a 
substitute for tetra-ammine copper(II) chlorate, which 
he had previously tried as a blue-flame color agent 
but then dismissed it as too costly. Chertier never 
used the term ‘Chertier’s copper’; this name is due to 
Moore and refers to the product of the recipe provid- 
ed by Moore (above). 


The material, prepared as described by Moore (above), 
would be a mixture of uncertain and variable compo- 
sition. The quantities of the starting materials corre- 
spond to potassium chlorate [KC1O3] and copper(II) 
sulfate pentahydrate [CuSO4-5H2O] in the molar ratio 
close to 2:1, presumably chosen to correspond to the 
reaction: 


Cu** (aq) + 2 ClO3 (aq) <> Cu(C1O3)2 


The green precipitate mentioned was _ probably 
Cu(C1O3)2:°3Cu(OH)2, an insoluble green material 
known to be formed when a solution of copper(II) 
chlorate [Cu(C1O3)] is heated. Other materials pre- 
sent, when the mixture was cooled, would include 
potassium sulfate [K2SO4], potassium chlorate and 
copper sulfate pentahydrate, the latter two being the 
least soluble combination of potassium ions, cop- 
per(II) ions, chlorate ions and sulfate ions. The addi- 
tion of ammonia [NH3] would convert Cu(H20),”* 
ions into Cu(NH3)4”* ions. On drying, these could re- 
act with water in moist air and lose ammonia, form- 
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ing Cu(OH)(NH3)4-x)°* ions. The properties of the 
material would thus vary according to the precise de- 
tails of its preparation and how it had been stored. 


Some authors recommended it; others condemned it 
as causing spontaneous ignitions. Kentish wrote that 
regardless of how it had been prepared, it gave an ac- 
id reaction to litmus, a property that was known to be 
associated with spontaneous ignition of mixtures con- 
taining chlorates. 


CHILD PROTECTION ACT (1966) (US) — An act of 
the US Congress that established the Consumer Prod- 
uct Safety Commission (CPSC). One early result of its 
implementation was to prohibit large (i.e., powerful) 
exploding consumer fireworks such as M-80s and 
Cherry Bombs in the US, including kits for their man- 
ufacture by consumers. Soon thereafter, the CPSC pro- 
duced a series of safety requirements for all consum- 
er fireworks in the US. These requirements addressed 
matters such as fuse burn time, minimum physical 
stability of devices and maximum powder load. 


CHILE NITRE and CHILE SALTPETER — See sodium 
nitrate. 


CHIMNEY EFFECT — In general, the tendency for hot 
(i.e., low density) gas to rise. For flares or lances, the 
term refers to the case being consumed more slowly 
than the pyrotechnic composition or when a strongly 
adhering slag forms along the walls of the tube, both 
of which tend to greatly reduce the purity of the col- 
ored flame and to reduce the light output from the 
flare or lance. 


CHINA CLAY — See kaolin. 

CHINA RED — See mercury(II) sulfide. 
CHINESE CRACKER - See firecracker. 
CHINESE CRACKERS - See celebration string. 


CHINESE FIRE — An older term for the effect pro- 
duced by cast iron borings or filings that were mixed 
with rough Black Powder. The effect produced an 
elaborate scintillation of branching sparks that is es- 
pecially impressive when viewed from a short dis- 
tance. (See spark branching for a photograph.) The 
term has long been used and was a mainstay of many 
manufactured devices in the 19" century. When mak- 
ing Chinese fire, it is necessary either to use the de- 
vice within a few days of manufacture or to protect 
the iron from corrosion. Protecting iron filings or 
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powder was most often done using linseed oil, Tung 
oil or paraffin wax. Well-protected iron particles do 
not corrode, allowing Chinese fire devices to be ef- 
fective for years. 


CHINESE FUSE — See Chinese tissue-paper fuse. 


CHINESE NEEDLE — A mineral form of antimony(III) 
sulfide in which the particles tend to be larger and 
elongated (thus described as needles). Because of its 
differing physical structure, Chinese needles may 
perform somewhat differently than more finely pow- 
dered and synthetically produced material. 


CHINESE SNOW — An early description of potassium 
nitrate that dates to the 13" century. 


CHINESE TISSUE-PAPER FUSE — (Also Chinese fuse, 
tissue-paper fuse, firecracker fuse or twisted-paper 
fuse) — A fuse formed by twisting tissue paper around 
a thin core of Black Powder or a mixture of potassi- 
um chlorate and charcoal. The burn rate of this fuse is 
roughly 2 inch (13 mm) per second, but it varies 
widely and tends to be inconsistent (especially when 
the fuse is even modestly damaged). This type of fuse 
is illustrated and shown below. 


Powder Core 


Some twisted-paper fuse can be made to burn especial- 
ly fast. Such fast burning fuse may be used in the Chi- 
nese firecrackers that are burned in the dragon dance 
and some other traditional Chinese celebrations. 


Chinese tissue-paper fuse is most commonly seen on 
small firecrackers, as shown farther below, but it is 
also used in a variety of other fireworks made in the 
Orient. It may be quite small in diameter and can be 
made to burn rather reliably through very small open- 
ings. Tissue-paper fuse is traditionally handmade, by 
a process requiring considerable skill and manual 
dexterity. 


This type of fuse is easily damaged by water; can be 
damaged when crimped into the end of a firecracker; 
can be damaged when passing through the clay of a 
rammed plug; and can have a highly variable burn 


Encyclopedic Dictionary of Pyrotechnics 


rate depending on its physical condition and the qual- 
ity of the powder used in its manufacture. 
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Several strands are sometimes used collectively to 
form a more substantial fuse and used as the primary 
fuse for small devices. A clay plug (viewed from both 
ends) into which three strands of Chinese tissue-paper 
fuse have been compressed to act as a delay fuse for a 
consumer firework is shown below. 


In the mid-20" century, it was relatively common in 
China to use a similar method of making time fuse 
for aerial shells. In that case, three or more strands of 
Chinese tissue-paper fuse were braided together, en- 
cased in a thin-walled wrap of paper and glued into 
the wall of the aerial shell, as shown below. The cur- 
rent common practice in China is to use Bickford- 
style time fuse and redundant fusing. 


Another form of Chinese tissue-paper fuse is shown 
below. This type of fuse is twisted in a manner such 
that it tends to stay twisted (does not untwist by it- 
self). It was sometimes used as the delay element on 
some shell leaders. Currently it is occasionally used 
as internal fusing on some consumer firework items. 
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In multiple-tube consumer and display firework de- 
vices, it is common for manufacturers to use a type of 
internal fuse that is formed from three strands of Chi- 
nese tissue-paper fuse sparsely wrapped with thread, 
as shown below. 


This fuse often has a powder core consisting of po- 
tasstum chlorate and charcoal and burns at a rate of 
approximately 0.6 inch (15 mm) per second. Fuse 
powders with other burn rates are also used. The fuse 
powder tends to be oxidizer rich, in effect using the 
tissue paper as an accessory fuel. 


This type of fuse is also quite easily ignited both in- 
tentionally and accidentally. It is possible to ignite 
this fuse with a sharp blow and occasionally simply 
by cutting the fuse abruptly with a scissors. (See py- 
rotechnic fuse cutting for recommended methods.) 
Because of its sparse covering, this fuse is prone to 
side ignition. When this fuse is exposed to the fire 
and sparks produced inside a functioning multiple- 
tube consumer firework device, it can result in poor- 
ly-timed firings (which can increase the potential for 
tip-over accidents). 


CHINESE WHITE — See zinc oxide. 


CHIPBOARD — A remanufactured paper product made 
from used newspaper and other scrap papers. It is 
usually gray in color. Its thickness typically ranges 
from approximately 0.017 to 0.065 inch (0.4 to 1.7 
mm); thicker material is available, and sheets can be 
laminated together if greater thickness is required. 
Chipboard is a moderate to low strength material. 


In_fireworks: Chipboard is most commonly used to 
form the inner hemispheres used in spherical aerial 
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CHLORATE ION — 


shell casings, as a liner in a hand-rolled, cylindrical 
shell-casings, as end disks and rolled into tubes. 


binder’s board — An especially-thick chipboard 
originally used to make the covers of hard-bound 
books. Typically, binder’s board is made by laminat- 
ing thin sheets of chipboard together. Firework end 
disks are commonly made from binder’s board. 


CHIPBOARD LINER -— A strip of chipboard (A) that is 


often wound into a non-advancing spiral and placed 
inside a hand-wound kraft paper aerial shell casing 
(B), as shown below. (See cylindrical case forming.) 


The chipboard liner is added prior to loading stars 
and provides substantial additional strength to the 
wall of the shell casing. 


CHIP FOUNTAIN — See fountain type (jeweled fountain). 


CHLORATE CANDLE - See oxygen candle. 


[ClO3 ] — An oxidizing anion con- 
sisting of a triangular, pyramidal arrangement of 
three oxygen atoms at the base of the pyramid and a 
chlorine atom at the top. An unshared pair of elec- 
trons on the chlorine atom forms the upper tip of the 
pyramid. The chlorate ion has an electrical charge of 
negative one: 


Metal chlorates are soluble in water and are colorless, 
unless the cation is colored. Many chlorates are hy- 
groscopic (or even deliquescent) and some are explo- 
sive. Potassium chlorate [KCIO3] is a very important 
oxidizer in pyrotechnics. Barium chlorate monohy- 
drate [BaClO3-H2O] has been used as a combined ox- 
idizer and flame color agent in pyrotechnic composi- 
tions to produce high-quality green flames. The chlo- 
rate ion is the second-most thermodynamically stable 
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of the oxy-anions of chlorine. This is revealed by the 
enthalpies of formation of some sodium and potassi- 
um salts of these anions, as presented below. 


Enthalpy of 
formation 
(kJ/mol) 


Potassium perchlorate [KClO,] and potassium chlorate 
both decompose on heating to form potassium chloride 
[KCl] and oxygen [Oz], with the release of energy: 


KCIO, > KCl + 2 O02 AH =—4kJ 
KCIO3 > KCl + 1.5 O2 AH =— 39 kJ 


For each mole of oxygen, potassium perchlorate re- 
leases 2 kJ of energy, while each mole of potassium 
chlorate releases a much greater 26 kJ. This is one 
reason for potassium chlorate compositions being 
more susceptible to accidental ignition than similar 
mixtures containing potassium perchlorate. Another 
reason is that the activation energy for the thermal 
decomposition of potassium chlorate (~210 kJ/ mol) is 
less than that for the thermal decomposition of potas- 
sium perchlorate (~290 kJ/mol). These values are for 
pure compounds and may well be different in mix- 
tures because of catalytic effects of other components. 


Because of the greater stability of the perchlorate ion 
compared to the chlorate ion, potassium chlorate can 
undergo a disproportionation reaction (see chemical 
reaction type) on heating, to form potassium perchlo- 
rate and potassium chloride: 


4KCIO3; > 3 KCIO,4 + KCl 


This reaction occurs concurrently with the simple de- 
composition of potassium chlorate into potassium 
chloride and oxygen; thus, it is not an efficient way of 
making potassium perchlorate. When potassium chlo- 
rate is used in the laboratory preparation of oxygen, or 
as a source of oxygen in pyrotechnic oxygen candles, 
the disproportionation reaction is suppressed. The sup- 
pression is accomplished by adding a catalyst, such 
as manganese dioxide [MnOz] or iron(II,III) oxide 
[Fe304], which promotes the simple decomposition in 
preference to the disproportionation reaction. 


Source: Chlorates are produced industrially by various 
routes that almost always begin with sodium chlorate, 


Encyclopedic Dictionary of Pyrotechnics 


which is produced by the electrolytic oxidation of so- 
dium chloride. 


CHLORATE ION, SPOT TEST FOR - See spot test 
(chlorate ion). 


CHLORATE POWDER - See powder type. 


CHLORIC ACID — [HCIO3] — {CAS 7790-93-4} 


Chloric acid can be formed when a chlorate, such as 
potassium chlorate, is acidified. Chloric acid and its 
decomposition-product chlorine dioxide have been 
linked to numerous pyrotechnic accidents. They are 
potentially explosive and can cause flammable mate- 
rials to spontaneously ignite or explode. 


Health information: TLV-TWA: 0.2 parts per million 
for chlorine dioxide, its decomposition product. 


Chemical properties: Chloric acid is formed from the 
exposure of a chlorate, such as potassium chlorate, to 
acidic conditions. It readily disproportionates to chlo- 
rine dioxide [ClO2] and perchloric acid [HC1O,]: 


C103 (aq) + H* (aq) <2 HC1O3(aq) 
3 HC1O3(aq) > 2ClOxg) + H2O + H (aq) + ClO¢g (aq) 


Some pyrotechnic fuels, such as sulfur and red phos- 
phorus, oxidize on exposure to moist air and thus be- 
come acidic. When such fuels are used with potassi- 
um chlorate, a substance that neutralizes acid must be 
included in the formulation to prevent the formation 
of chloric acid and in turn chlorine dioxide. Examples 
of neutralizers include calcium carbonate or magne- 
sium oxide (as used in the potassium chlorate and red 
phosphorus composition in toy caps), and calcium car- 
bonate or zinc oxide (as used in the potassium chlo- 
rate and sulfur compositions used in match heads). 


CHLORINATED ISOPRENE — See chlorinated rubber. 


CHLORINATED PARAFFIN — [C20H22Cl20, approxi- 
mately] — {CAS 63449-39-8 or 108171-27-3} — (Also 
Chlorez™, Hordaresin™ or Chlorowax™) 


Chlorinated paraffin, which contains about 70% chlo- 
rine by weight, is used as a chlorine donor in the pro- 
duction of intensely colored flames. When burned, it 
produces hydrogen chloride, which fosters the pro- 
duction of the metal monochlorides that are the desir- 
able color emitters in red, green and blue pyrotechnic 
flames (see colored-flame chemistry). Chlorinated 
paraffin is a white powder. 


Health information: TLV: none established; IARC- 
2B: possibly carcinogenic to humans (for chlorinated 
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paraffins of average carbon chain length, C12, and 
average degree of chlorination, approximately 60%). 


UN hazard classification: not regulated. 


CHLORINATED POLYISOPRENE — See chlorinated 
rubber. 


CHLORINATED RUBBER — [(CioHiiCl7)n, approxi- 
mately] — {CAS 9006-03-5} — (Also Alloprene™, 
chlorinated natural rubber, chlorinated polyisoprene, 
Chlorub™ polychloro-isoprene, Superchlon™, Par- 
lon™ or Pergut™) 


Chlorinated rubber is used as a chlorine donor in the 
production of intensely colored flames. Commercial 
chlorinated rubber contains 65 to 68% chlorine. The 
empirical formula (Cj9H11C17)n corresponds to 65.4% 
chlorine. When burned, it produces hydrogen chlo- 
ride, which fosters the production of the metal mono- 
chlorides that are the desirable color emitters in red, 
green and blue pyrotechnic flames (see colored-flame 
chemistry). Chlorinated rubber is a white powder. 


Health information: TLV: none established. 


UN hazard classification: not regulated. 


CHLORINE — [Cl2] — {CAS 7782-50-5} 


Chlorine’s presence in the flame, as molecular chlo- 
rine [Cl2], atomic chlorine [Cl’] or as hydrogen chlo- 
ride [HCl] is necessary to produce the preferred color 
emitters for red, green and blue flames. (See colored- 
flame chemistry.) These chlorine species are typically 
produced by the breakdown of a solid chlorine donor 
in the burning pyrotechnic composition. Chlorine is a 
chemical element, atomic number 17. At room tem- 
perature, it is a poisonous, corrosive greenish-yellow 
gas with a very irritating odor. 


Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV: 0.5 parts per million. 


UN_ hazard classification: PSN: chlorine; HC: 2.3 — 
poison gas (UN1017). 


CHLORINE DIOXIDE — [C102] — {10049-04-4} 
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Anextremely reactive decomposition product of chlo- 
ric acid [HCIO3] that has been implicated in many 
spontaneous ignition accidents in pyrotechnics. 


Hazard: explosive. 


Health information: TLV-TWA: 0.1 parts per million. 


CHLORINE DONOR -— (Also color enhancer or color 
intensifier) — Except for sodium yellow and boron 
green, all the preferred flame color emitters are pro- 
duced by a metal chemically combined with chlorine. 
For example, the most desirable red flame is pro- 
duced from strontium monochloride [SrCl’] (the su- 
perscript dot is an indication of its being a free radi- 
cal, which has an unpaired electron). Similarly, a 
green flame is produced by barium monochloride 
[BaCl'], and a blue flame is produced by copper 
monochloride [CuCl’]. Except for copper monochlo- 
ride, these flame color molecules cannot be directly 
added to a pyrotechnic composition because they do 
not exist at ambient temperatures; they must be creat- 
ed in the flame of a burning pyrotechnic composition. 
Because the typical flame color agents used in pyro- 
technics are chemicals such as strontium carbonate 
[SrCO3], barium nitrate [BaNO3] and copper(II) car- 
bonate [Cu(CO3)2], an ample supply of chlorine [Cl'] 
or gaseous hydrogen chloride [HCl(g)] is required in 
the flame to produce the monochlorides. 


The process of producing the monochloride species 
in a flame typically begins with the production of a 
metal oxide, for example strontium oxide [SrO]: 


SrCO3 + heat > SrO + CO2 


The reaction typically continues with the metal oxide 
reacting with water vapor, from the burning of an or- 
ganic fuel or the binder in the composition, to pro- 
duce a metal monohydroxide, for the example stron- 
tium monohydroxide free radical [SrOH’]: 


SrO + H,0 > SrOH’ + OH’ 


Then, when a chlorine source is used, the next step in 
the reaction replaces the hydroxyl group [OH’] with a 
chlorine atom [CI’]: 


SrOH’ + Cl > SrCl + OH 


When a hydrogen chloride source is used, which is pre- 
ferred, the reaction of the metal oxide can produce the 
monochloride in a single reaction rather than two. This 
is because hydrogen chloride [HCl] can react to form 
the monochloride directly from strontium oxide [SrO]: 


SrO + HCl > SrCl’ + OH’ 
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Some chlorine donors: To provide an effective sup- 
ply of chlorine in the flame, it is common to include a 
chlorine donor (1.e., a chlorine-rich, organic mole- 
cule) in the formulation. Some chlorine donors with 
their typical percentage of chlorine by weight, and as 
a percentage of the total number of atoms, are pre- 
sented below. 


percent | percent 


Formula | chlorine | chlorine 


Chlorine Donor 
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a) Only of historical interest. 

b) There are serious health and/or environmental hazards. 
For this reason, hexachlorobenzene is strictly prohibited 
in some jurisdictions. 


c) Trade name for perchloro-pentacyclo-decane. Also, 
known as Dechlorane. 


d) Also known as Saran™ resin. 


In some cases, the chlorine needed for the monochlo- 
ride production is in the form of chlorine atoms [ClI’]. 
An example of a flame reaction producing atomic 
chlorine is that between hexachlorobenzene [C¢Cle] 
and potassium perchlorate [KC104]: 


CoCle + 3 KCIOg > 3 KC] + 6 COz2 + 6 CI 


In other cases, the chlorine produced is in the form of 
hydrogen chloride. An example of a flame reaction 
producing hydrogen chloride is that between polyvi- 
nylchloride (PVC) [(-CH2CHCI-),] and potassium 
perchlorate: 


4 (-CH»CHCL), + 5KCIO, > 
5 KCl + 8CO, + 4H,0 + 4HCI 
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Other considerations: Chlorine donors play another 
important part in producing intensely colored flames. 
They promote the volatilization of the elements that 
form flame color agents. The color-emitting species 
are gases, and their formation requires the necessary 
elements (or their compounds) to be present in the 
flames as gases. Pairs of boiling points for each of the 
major color-agent elements are presented below. 


Boiling 
Chemical Species | Formula | Point (°C) 


First is the boiling point of the substance that is likely 
to be formed by thermal decomposition of the car- 
bonate or nitrate of that element. Second is the boil- 
ing point of the substance that is likely to be formed 
when that thermal decomposition takes place in the 
presence of a chlorine donor. For example, strontium 
carbonate or strontium nitrate alone thermally decom- 
poses to strontium oxide. In the presence of a suitable 
chlorine donor, the product is strontium chloride. 


In each case, the substance formed in the presence of 
a chlorine donor has a much lower boiling point (i.e., 
is much more volatile in a flame). Therefore, all else 
being equal, the concentration of the element in the 
flame will be much greater when a suitable chlorine 
donor is present. 


For the elements strontium, calcium and barium, 
thermochemical modeling of typical colored flame 
compositions finds that most of the element is present 
in the flame as the gaseous dichloride. Thus, contrary 
to what might be expected for these compositions, 
too much chlorine donor can suppress the formation 
of the color emitter. This occurs as a result of displac- 
ing the equilibrium (below) to the left. 


MClyg) <3 MClg) + Cle) 


Here, M is one of the alkaline earth elements (i.e., 
strontium, calcium or barium) and MCI’ is the metal 
monochloride free radical (i.e., the flame color emit- 
ter). When such compositions burn at a high tempera- 
ture, that promotes the formation of MCI’ by the de- 
composition of MCl2 and it also promotes the for- 
mation of the excited state of MCI’ that proceeds to 
emit the colored light. Any accompanying decompo- 
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sition of MCI’ at higher temperatures is offset by the 
increased decomposition of MCl. 


In contrast, copper dichloride is readily decomposed, 
and thermochemical modeling of blue compositions 
finds that most of the copper is present as copper va- 
por. In these compositions, a high concentration of 
chlorine donor is desirable because it favors the for- 
mation of copper monochloride [CuCl]. 


Cu) + Cle) <> CuCl) 


Copper monochloride is the gaseous form of cop- 
per(I) chloride. Unlike the alkaline earth metal mon- 
ochlorides, it is not a free radical in its ground state 
[CuCl], but, the electronically excited state is a free 
radical [CuCl'], with two unpaired electrons, one in 
the d-shell of the copper atom and another in a cop- 
per monochloride molecular orbital. When this latter 
unpaired electron falls back into the d-shell of the 
copper atom (as the ground state of the copper mono- 
chloride molecule) the excess energy is manifested as 
flame emission bands, predominantly in the blue- 
violet region of the visible spectrum. 


In this case, a high temperature is on the one hand 
desirable, because it favors the excitation of CuCl, 
but, on the other hand, it is undesirable, because it fa- 
vors the decomposition of CuCl. Attempts to make an 
intense blue flame by increasing the temperature to 
the levels that are so effective with strontium-red, 
calcium-orange and barium-green flames only result 
in a disappointingly pale blue color. This is because 
the decomposition of CuCl outweighs the effect of its 
increased excitation, and there is no reservoir of 
CuCl: present in the flame to offset the loss. 


Halogens other than chlorine (i.e., fluorine, bromine 
and iodine) can also produce effective color species 
in flames. The differing bond strengths between the 
metal and the halogen result in a modest shift in the 
dominant wavelength of the colors produced. This is 
demonstrated below for the copper monohalides 
(Koch, 2015): 


Color / Dominant 
Chemical Species / Formula | Wavelength (nm) 


‘Copper monofluoride [Cu 


In some cases, monohydroxides (most notably the 
monohydroxides of strontium and calcium) also pro- 
duce acceptable flame colors. 
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CHLORINE GENERATOR, PYROTECHNIC — (Also 
chlorine gas generating candle) — A pyrotechnic de- 
vice for generating gases that contain a substantial 
faction of free chlorine. The gases produced by such 
a generator are useful for fumigation to destroy insect 
pests, for sanitization of dwellings, swimming pools, 
sewage tanks and the like, for sterilization of small 
water supplies and for the destruction of biological 
warfare agents. 


The need for such a device might seem questionable 
given that pure chlorine is readily available as a liq- 
uid under pressure in small cylinders, from which the 
gas can be readily dispensed in a controlled manner. 
One advantage of a pyrotechnic generator over com- 
pressed liquid chlorine is that the pyrotechnic genera- 
tor does not release the highly toxic, corrosive gas 
unless ignited, whereas the accidental rupture of a 
container of liquid chlorine results in immediate re- 
lease of large volumes of the dangerous gas. A fur- 
ther advantage of a pyrotechnic generator is that the 
released chlorine is hot, which can make it more ef- 
fective in its intended applications. 


Another possible source of chlorine is the electrolysis 
of a solution of a chloride salt in a suitable generator. 
In contrast to electrolytic chlorine generators, pyro- 
technic chlorine generators are compact, portable, 
ready for immediate use, and they require no source 
of electric power. These advantages make a pyro- 
technic chlorine generator potentially useful to the 
military, to emergency services and any others who 
might require an instant supply of chlorine for the 
purposes mentioned above. 


In 2007 American inventors . 
Vladimir Hlavacek and Carl 6 VN 
Gotzmer were awarded US I Mf 
Patent 7,399,625 Bl for a “I 
pyrotechnic chlorine gener- 
ator that they had developed 
for the US Navy. A cross- 
sectional view of the device 
is illustrated on the right. 


The diagram is the com- fi 
pleted assembly, consisting 4 1 


of a chemical chlorine gen- 

erator (4) in a container (5), 1 
the latter being preferably 
of a cylindrical shape and 
made of rigid, non- 
flammable material such as stainless steel. The con- 
tainer has a cover lid (6) equipped with one or more 
latches or other suitable means to close the container 
and provide a gas-tight seal. The lower end of the 


Illustration credit: 
US Patent 7,399,625 B1 
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container is fitted with a discharge tube (10) that pro- 
vides for the passage of gas from the container. 


The chemical chlorine generator (4) is a solid body 
comprising an igniter (11), a segment of ignition com- 
position (12) and segments of chlorine-generating 
composition comprising with a fuel-rich layer (14) 
and a fuel-lean layer (15). Insulating material (17) is 
placed between chemical chlorine generator and the 
walls of container. 


In operation, the ignition segment is initiated electri- 
cally by the passage of a current through wires (16), 
or in an alternative design (not shown) by percussion 
using a spring-loaded hammer. The combustion of 
the ignition segment results in the ignition of the 
chlorine-generating segments, and thus to the genera- 
tion of hot chlorine-containing gases that emerge 
from the discharge tube. The ratio of amounts of fuel- 
rich to fuel-lean segments is chosen to achieve the 
desired burn rate, and the required temperature and 
chlorine concentration of the gases produced. 


The chlorine is produced by the oxidation of a suita- 
ble metal chloride. Examples of suitable metal chlo- 
rides include aluminium chloride, iron(IH) chloride 
and niobium(V) chloride: 


4 AICkh + 302. > 2 ALO; + 6Ch 
4 FeCl, Tr 302 > 2 Fe.03 + 6 Ch 
4NbCls + 502 > 2Nb20;5 + 10 Ch 


The oxygen and heat required for these reactions are 
provided by the reaction between a chlorate or per- 
chlorate and a powdered metal such as iron, as em- 
ployed in pyrotechnic oxygen generators. A catalyst, 
such as an oxide of cobalt, nickel or copper, may be 
included to lower the decomposition temperature of 
the chlorate or perchlorate. The gases generated on 
combustion are predominantly oxygen and chlorine. 
Examples (from the patent) of compositions for a 
fuel-rich segment (1), a fuel-lean segment (2) and an 
igniter segment (3) are presented below. 


Formulation:—>§ Parts-by:-Weight= 
ingredient 
Zeal een eons 
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2 


Calculated, based on the Patent’s specifying 1 mole of 
each component. 

Calculated, using the ranges of ingredients and concen- 
trations specified in the Patent, and choosing ingredi- 
ents and concentrations that could be directly compared 
with the fuel-rich composition. 

c) The Patent did not specify which oxide, but from other 
literature on the catalytic effect of oxides, copper(II) ox- 
ide [CuO], iron(II, Ill) oxide [Fe3O4], and cobalt(II, III) ox- 
ide [Co3O4] would work. 

The Patent did not specify which oxide, but from other 
literature on the catalytic effect of oxides, copper(ll) ox- 
ide [CuO], iron(II, III) oxide [Fe3O4], and cobalt(II, III) ox- 
ide [Co304] would work. 


jog 
a— 


[os 
—_ 


2-CHLOROBENZAL-MALONONITRILE — [CioHsCIN2] 


— {CAS 2698-41-1} — (Also o-chlorobenzylidene 
malononitrile or CS gas) 


2-chlorobenzal-malononitrile is an organic compound 
used as a riot control agent. It is a white crystalline 
solid. 


Riot control agent: 2-chlorobenzal-malononitrile is 
intensely irritating to the skin and especially to the 
eyes, causing a burning sensation and excessive tear 
production. It is also irritating to the nose and throat. 
The compound is the active ingredient in so-named 
tear gas. Despite the name, tear gas is actually a smoke 
or aerosol. It may be produced in several ways, in- 
cluding spraying the compound as a finely divided 
dry powder, spraying the molten compound, spraying 
a solution of the compound in an organic solvent and, 
most commonly, as a smoke generated by a burning 
pyrotechnic composition. The technology of pyro- 
technic tear gas generators is very similar to that of 
pyrotechnic smoke generators. 


Historical: The name ‘CS gas’ derives from the ini- 
tials of the surnames of two American chemists (Ben 
B. Corson (1896-1987) and Roger W. Stoughton 
(1906-1957) who discovered it in 1928. Its use as a riot 
control agent was developed in Britain in the mid 20" 
century. It was intended as a non-lethal weapon, but it 
can cause death, especially if used in confined spaces. 


CHLOROWAX — See chlorinated paraffin. 
CHLORUB™ — See chlorinated rubber. 


CHNO EXPLOSIVE - A general chemical formula for 


a high explosive compound composed exclusively of 
the elements of carbon, hydrogen, nitrogen and oxy- 
gen. For example, nitroglycerin (trinitro-glycerol) is 
C3HsN309 and HMX (octogen) is CaHgNsOx. 
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CHOCOLATE POWDER - Sce powder type (brown 
powder). 


CHOKE (noun) — (Also choke hole) — Today, common- 
ly, a constriction composed of a clay plug with a hole 
through it; it is usually formed in the end of a gerb, 
fountain or firework rocket as an exhaust nozzle. 
Choke may refer to the clay surrounding the hole, the 
hole (also described as a choke hole) or both, as illus- 
trated below in cross section. 


Clay Choke 
Choke Hole 


Pyrotechnic 
Composition 


Casing 


The purpose of the choke is to restrict the flow of gases, 
which increases the internal pressure in the device. 
This causes sparks produced by the device to be pro- 
pelled to a greater height and a rocket to be pushed 
with greater force (1.e., thrust). Typically, the choke 
hole diameter for gerbs and fountains is approximate- 
ly 1/3 the internal diameter of the of the device, but it 
must always be appropriately sized for the burn rate 
of the composition and the strength of the casing. 


Historical: Early in the history of fireworks, a choke 
was formed by making a constriction in a still damp 
paper tube by means of manually drawing a cord very 
tightly around a tube. During this process a mandrel 
was inserted into the tube to determine the diameter 
of the choke hole being formed. An example of a 
choked tube (left) and the mechanics of this process 
(right) are illustrated below. 


Illustration Credit: Unknown (Hagley Museum) 


The forming of this kind of choke depends on the 
forceful constriction (i.e., narrowing) of the tube wall 
using a cord or wire encircling the tube. The process 
is comparable to the choking or strangling of a person 
from which it is thought to derive its name. Follow- 
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ing this, the tube is allowed to dry before use by 
compacting powder in the open end of the tube. An 
example of a choked tube after loading is illustrated 
below in cross section. 


Pyrotechnic 
Composition 


Paper Tube 


Machines have been developed that produce a choke 
similar to that accomplished with a cord and human 
force. These machines have several jaws or teeth that 
close to constrict the wall of a paper tube. They may 
be powered electrically or manually with the aid of 
appropriate gears. An example of a tube choked in 
this manner is shown below in various views. 


If the duration of the burning is sufficiently short, a 
choke made in this fashion (i.e., entirely of paper) 
will survive without eroding significantly. In other 
cases, the paper choke might be treated with sodium 
metasilicate (i.e., water glass) to help retard its erod- 
ing during functioning of the device. 


CHOKE (verb) — The process of installing or forming 
the constriction (i.e., a choke) in a tube. 


CHOKED FLOW - See critical flow. 

CHOKE HOLE — See choke (noun). 

CHORD -— The length of a line that connects the leading 
and trailing edges of an aircraft wing or rocket fin, il- 


lustrated below. Chord length will have different val- 
ues at different span-wise locations on the wing or fin. 
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CHOREOGRAPHED FIREWORK DISPLAY — (Also dis- 
play design) — Choreography’s original meaning refers 
to arranging dance movements to accompany music. 
Today, the term is also commonly used to describe 
essentially any activity in which several actions or 
activities are carefully planned and closely coordinat- 
ed. For example, the term has been adopted by pyro- 
technists to describe planning and executing the dis- 
charge of fireworks, usually but not always, to ac- 
company music. A full discussion of this complex 
subject is beyond the scope of this text; some general 
guidance is included below. 


High-quality firework choreography pays close atten- 
tion to the mood and emotional impact of the music. 
Some music invites the choreographer to use specific 
effects. For example, in the US, during the “Star 
Spangled Banner’, the words ‘the rocket’s red glare’ 
almost demands that the pyrotechnist use bright red 
effects. Many other pieces of music have words that 
include colors or descriptions that bring to mind spe- 
cific images that likewise strongly suggest specific 
types of pyrotechnic effects. A strongly melodic, ro- 
mantic interlude with a full orchestra might suggest 
the use of numerous exhibition Roman candles firing 
long-tailed comets angled towards each other creat- 
ing great arches in the sky. Strobe shells or gold glit- 
ter shells can be used to advantage when the music 
suggests an ethereal mood. 


General choreography recommendations: 


e A display that maintains an approximately con- 
stant level of emotional intensity (as illustrated 
below) because of the combination of firing rate, 
shell size and shell quality, very quickly becomes 
boring and then simply tedious. 


Very Poor Design 


Finale 


End 


Display Duration 
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e Only a little better is a display that slowly and 
continuously increases its level of intensity from 
start to end (as illustrated below). 


Poor Design 


Display Duration 


It is appropriate for even a relatively small display 
to be divided into short segments (roughly 20 to 
30 seconds each) and then vary the intensity of the 
display between segments (as illustrated below). 


Interesting Design 


Display Duration 


e For example, an interesting display design might be 
accomplished as follows: one segment might consist 
of small caliber shells fired relatively rapidly (creat- 
ing a sense of excitement); the next segment might 
consist of the relatively slow firing of large multi- 
petal shells with color-changing stars (creating a sense 
of wonderment and tranquility); followed by a seg- 
ment consisting of strobe shells (creating an ephem- 
eral sense). 


e Some degree of intentional repetition during a display 
is a good thing. For example, firing a series of several 
shells with primarily (or exclusively) red effects will 
be well received by the audience. 


e Varying the kinds of fireworks used over the course 
of the display helps to maintain interest. In addition 
to aerial shells, the use of comets, mines, large Ro- 
man candles, Roman candle batteries and multiple- 
tube devices can be effective. Also, when the audi- 
ence can see the ground, the use of fountains, wheels 
and lancework can be very effective. 


Recommendations for musically choreographed dis- 
plays: 


e Use music that is likely to be familiar to an audience 
— this is not to say that every piece of music used 
must always be well known, but a program in which 
obscure pieces of music dominate the program will 


Page 259 


not likely be as successful as one using at least some ing. This is especially important for displays that are 


familiar music. tightly coordinated visually with the music. Because 
of the varying distances, the mortar firing and shell 
e Use music that will generate emotional moods, spe- burst sounds will not be well coordinated with the 
cific images in the minds of an audience, or ideally music. Thus, if the sounds of mortar firings and shell 
both. Then, couple that with fireworks that match and bursts are too easily heard, they can seriously distract 
enhance the mood and/or images being evoked by the from the visual choreography of the show. 
music. This will have a synergistic effect that greatly 
enhances the overall emotional impact of the combi- e Consider the dynamic differences if the music. If the 
nation. piece of music becomes too quiet, in a firework envi- 
ronment, it may cause the music to be inaudible. If 
e As part of the mechanics of designing the display, it such music is to be used for the display, it may be 
can be quite useful to chart the individual pieces of necessary to electronically increase the loudness of 
music (whether using a whole piece of music or just a low-volume portions of the music. 
portion). One way is to rate the music, moment to 
moment, as to its feel or emotional impact. This may eGenerally, avoid trying to choreograph too many 
be tranquil versus rousing, or it could be light and fireworks too precisely with the music. Even with the 
airy versus full bodied. An example of one way in assistance of computers and with electric matches in- 
which this might be accomplished is illustrated be- serted directly into the lift charge of the shells, an un- 
low. Here time is on the horizontal axis, where 1M, controlled variable is the time fuse on the shell. (The 
2M and 3M correspond to 1, 2 and 3 minutes into the use of electronic time fuse or a timer, such as the 
music. The numerals | to 22 correspond to sequential Magicfire igniter™, can eliminate these timing un- 
points in the music at which significant changes have certainties, but they have not found wide acceptance.) 
occurred and for which specific times will be identi- 
fied. e For the most part, avoid making elements of the dis- 
3 play too subtle. Subtleties will most likely be lost on 
8 2 even the most sophisticated viewers. It is generally 
=|2 6 Fis oe much better to have the choreography be totally ob- 
ate 4S 7 nr are vious than even moderately subtle 
Er [seme | neces fea rrcccaccacanapoesccsscsMeeBacpescaaficsscescFRes Lm sesecpiced oe : 
AS | ae e Only use firework devices with which you are very 
familiar; ones that you know how they perform, in- 
In conjunction with the graph, it is appropriate to cluding how quickly they explode after being ignited, 
have an accompanying tabular listing of the chart- and how long their display continues. To some ex- 
ed segments (listed in column 1), the time (col- tent, this also applies to the spectators, if you include 
umn 2), description of the music during each a device or effect they have never seen before, their 
segment (column 3), and possibly some initial attention will be focused on that device and the syn- 
notes about how fireworks might be integrated ergy with the music will temporarily be compro- 
with the music (column 4). An example of how mised. If radically new devices are used, it is best to 
this might appear is illustrated below. use them repeatedly or in a continuing series, so that 
a a od ane become familiar with them during the 
HS |-tneme Plane) performance. 


T [ors [treme (Piane) + Runs Runs at Corgi - 0:35 - 0:39) 
6 10:46 peme (Full / i 1 Rat pha tea BS ; . . 
Se tee ee ee a e Indisplays that are repeated night after night (such as 
9 [isat] Theme CFuil) , is h k d 1 d fai 
10 No Ficawer those at amusement parks and prolonged fairs), try to 
of 8th ka 23 33 correct little errors of timing and refine the details of 
; the choreography. 
Today, there are several commercial software 


programs that do much of this work for the user. e Have emergency back-up devices ready to fire if a 


series of devices fail to fire when intended. Even with 
careful planning and double-checking firing circuits, 
errors, equipment malfunctions and device failures 
will occasionally occur, and they will be painfully 
obvious during a musically choreographed display. 


e It is important that the sound system be of adequate 
quality to broadcast the music loud enough to be 
heard above the background noise of the audience 
and the sounds of the mortars firing and shells burst- 
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Thus, it is wise to have a back-up plan that can be 
used to keep the sky from being empty in the middle 
of a piece of music. 


eTry to ensure that the fireworks end when they 
should, according to the music. Even a few seconds 
of continued fireworks after the last chord has died 
out at the end of a piece of music will be noticed by 
the audience. The audience will be much more for- 
giving if the fireworks die-out a few seconds before 
the music has completely ended. One way to accom- 
plish the timely end of the fireworks is to install igni- 
tion points in the end of chain-fused segments such as 
finales. Then, initiate those ignition points a few sec- 
onds before the end of the music. 


CHOREOGRAPHED FIREWORK DISPLAY TYPE — 


Depending on the degree in synchronization between 
the fireworks and the music, choreographed firework 
displays can be divided into two general types. 


accompaniment firework display — On one ex- 
treme of synchronization between the fireworks and 
music are what can be described as accompaniment 
displays, in which the music is used only as back- 
ground. The fireworks display is designed just as for 
any traditional show, and there is no serious attempt 
to synchronize the firework and musical programs. 
During this type of display, play well-known and eas- 
ily recognized musical selections that are associated 
with theme of the event (e.g., patriotism). In such a 
case, it is nice to have the musical background, and 
although it provides a context for the fireworks, it 
adds only modestly to the dramatic impact of the 
firework display. 


Such accompaniment displays have been performed 
for Royalty and major events for literally hundreds of 
years and are still performed today. 


synchronized firework display — At the other ex- 
treme are displays in which the fireworks are syn- 
chronized with the music. Depending upon the so- 
phistication of the designer, and the sound and firing 
equipment available, various levels of accuracy of 
timing may be achieved. These displays can be divid- 
ed into two general categories, depending on the de- 
gree of synchronization intended to be achieved. 


Tightly-synchronized_display: (Also micro-sync dis- 
play) — Displays in which individual shell firings are 


precisely timed (often to a 1/10" of a second) such 
that shell bursts are matched to specific musical cues. 
In this way, it is possible to have the burst of a large 
shell perfectly co-coordinated with a cymbal crash or 
a bombastic moment in the music. In a tightly syn- 
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chronized display, the fireworks and music are care- 
fully coordinated to produce a unified effect on the 
viewer; this can have a powerful emotional impact on 
the audience. 


To achieve this degree of synchronization, it is neces- 
sary to precisely account for differing aerial shell 
pre-fire times (1.e., time fuse delays) of the specific 
aerial shells being used. This requires having a data- 
base of shell pre-fire times, at least including all the 
key (e.g., large and most dramatic) shells to be used 
in the display. This information usually must be de- 
veloped through test firing of shells. Another re- 
quirement to achieve synchronization to fractions of a 
second for rapidly-fired shells makes computerized 
firing using time coding almost a necessity. 


A further complication has to do with the way in 
which humans perceive simultaneity between a point 
in the music and the development of the display pre- 
sented by different types of aerial shells. A brief 
study was conducted in which an audience listened to 
music and watched visual displays of various types, 
including aerial shell bursts, with the timing between 
the two under computer control. When the aerial shell 
was a flash salute or a star shell with a flash break, 
simultaneity was rather accurately perceived. For 
non-flash break star shells, especially those with ini- 
tially less bright effects, when the music and shell 
burst were exactly synchronized in time, the viewers 
generally perceived the shell’s appearance as being 
somewhat delayed. In some cases, advancing the ap- 
pearance of the shell burst by as much as 0.25 second 
before the corresponding point in the music was per- 
ceived as being the best or most satisfying choreo- 
graphing. This delay provides time for the shell to 
reach a significant diameter (and for some or all the 
prime to burn off) to be perceived as the effective 
start of the shell’s burst. 


Loosely-synchronized__ display: (Also macro-sync 
firework display) — Displays that only require syn- 


chronization to within about one or two seconds be- 
tween the music and fireworks. The shells or other 
effects are selected and presented in ways that fit in 
general with the musical program. The fit to the music 
may be one of mood (e.g., exciting, ephemeral or ma- 
jestic) or evocative imagery (e.g., flowers in a garden, 
stars twinkling in the sky or a sports competition). 
The selection and firing of the fireworks are chosen 
simply to follow the changes in the feel of the music. 


Less detailed knowledge of things like aerial shell pre- 
fire times and less sophisticated sound and firing sys- 
tems are required for this type of display. Thus, these 
displays continue to be common, especially for lower 
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dollar-value displays and those produced by smaller, 
less technically sophisticated display companies. 


CHRISTMAS CRACKER — (Also party cracker or bon- 
bon; formerly Cosaque) — A device used to add light- 
hearted entertainment to various festive gatherings. 
Christmas crackers have a long British tradition. To- 
day, they are also commonly found in Australia, 
Canada, South Africa and only in recent years have 
they been imported into the US in large numbers. 
Two recent examples are shown below. 


Photo Credit: Tony Cardell 


Basically, a Christmas cracker consists of a light- 
weight cardboard tube, typically the length of the 
central section (above) is about two and a half times 
its diameter, and it is wrapped within a roll of decora- 
tive paper that extends from either end of the tube to 
form an approximately cylindrical device roughly 
three times the length of the central cardboard tube. 
The outer paper wrapping is crimped near each end 
of the central tube, almost closing the two ends of 
that central tube, which forms a container where var- 
ious small items can be hidden. Through the holes 
remaining in the two ends, protrude the two ends of a 
cracker snap, a paper device containing a small quan- 
tity of friction-sensitive explosive usually silver(I) 
fulminate impregnated onto an abrasive sandpaper 
like material. The cracker snap generates a sharp, but 
harmless, explosion or crack sound when pulled, 
hence the cracker part of the name for the device. The 
explosion does not cause the device to open and spill 
its contents — that is the result of the mechanical force 
exerted by the person(s) pulling on the ends of the 
cracker. The tiny explosion is only for noise. 


The purpose of the Christmas cracker is first to serve 
as a colorful decoration on the festive table; a cracker 
is typically placed at each person’s place along with 
the cutlery. Second, it enlivens the proceedings when 
it is pulled, normally at the start of the meal. To pull 
a cracker, a person grasps one end, taking care that 
the protruding part of the cracker snap is firmly held, 
and offers the other end to someone else. The two 
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people then pull on the cracker, which eventually 
tears apart with a crack as the cracker snap explodes 
in the middle of the cardboard tube. One person is 
left holding the section with the cardboard tube, and 
therefore has the privilege of removing the contents 
and using them. 


Typically, the contents of a Christmas cracker include 
a colorful paper hat (to be worn during the meal), a 
trinket, toy or puzzle, anda slip of paper with a printed 
joke, which the recipient is expected to read aloud. 
Usually, the trinket or toy is of poor quality, but more 
expensive Christmas crackers are available that con- 
tain desirable and valuable gifts. Sometimes in the UK, 
indoor fireworks are included in Christmas crackers. 


The mirth resulting from reading the printed joke 
aloud often arises more from the feebleness of the 
joke than from the intended humor, which is often a 
riddle or a pun. (For example: Why did the tightrope 
walker visit his bank? ... To check his balance.) 


The basic components of a Christmas cracker are 
shown below: the paper hat (upper), the toy and joke 
(left), and the cracker snap (lower). 


Photo Credit: Tony Cardell 


While typical crackers are about 1-1/4 inch (30 mm) 
in diameter, much smaller ones are found, and ex- 
tremely large ones are also available. Some crackers 
are very beautifully decorated with colorful pictures, 
known as scraps, placed on the central section of the 
cracker. In years gone by, the boxes in which Christ- 
mas crackers were supplied were often decorated with 
imaginative and artistic graphics. In recent years, it is 
more common for the box lid to be transparent, so 
that the decorated crackers can be seen by the pro- 
spective purchaser. 


Historical: Christmas crackers are said to have been 
developed by the English confectioner Tom Smith in a 
series of steps that began in mid 19™ century with his 
introduction into England of French-style bonbons, 
which were nothing more than sugared almonds 
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wrapped in a twist of tissue paper. These were a great 
success, and in an effort to increase their appeal even 
further, in 1847 Smith added a sentimental verse or 
love proverb and a few years later he replaced the sug- 
ared almonds with various toys and trinkets. Around 
1860 he was inspired to add a ‘bang of expectation’ 
to each bon-bon in the form of a cracker snap. 


An example of pack of Christmas Crackers, dating to 
more than 100 years ago, is shown below. 
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Photo Credit: The Kathleen Kempton Collection 


In the early years, crackers were known as Cosaques 
(French for Cossacks) because the noise they made 
sounded like the cracking of the Russian Cossack’s 
whips as they rode through France during the Franco- 
Prussian wars. From a very simple idea, Tom Smith 
launched a new industry that today produces millions 
of Christmas crackers each year. 


CHROMATE CONVERSION COATING — See conver- 
sion coating. 


CHROMATICITY DIAGRAM — See color measurement. 


CHROMATOGRAPHY -— A collection of techniques for 
the separation of substances, based on the use of two 
phases. One of these, the mobile phase, may be a gas 
or a liquid, depending on the particular variety of 
chromatography being used. It carries the substances 
in solution over the second phase, the stationary phase. 
This may bea solid or a liquid coated on a solid. 
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Separation occurs because each of the substances in 
the mixture being separated differs in its affinity for 
the two phases. For example, ion chromatography 
(IC) separates dissolved ionic chemical species based 
on their varying degree of affinity for an ion ex- 
change resin. Ion chromatography is useful in the 
quantitative analysis of pyrotechnic compositions. 
Similarly, thin layer chromatography (TLC) is useful 
for the rapid determination of whether a smokeless 
powder is singly or multiply based. 


CHROMATROPE WHEEL - See wheel type. 


CHROMIUM(III) COPPER(II) OXIDE — See copper(II) 
chromite. 


CHROMOPHORE - A group of atoms with delocalized 
electrons, which causes an organic molecule to absorb 
visible light at specific wavelengths. The colors of 
smoke dyes, for example, are due to the presence of 
chromophores in the molecules of the smoke dyestuff. 


CHROMOTROPE WHEEL — See wheel type. (chro- 
matrope wheel). 


CHRONIC — An event, occurrence or condition either 
with a gradual onset or of long duration. It is com- 
monly used in the context of illness, disease or poi- 
soning. A chronic occupational illness is usually one 
developing after repeated small exposures over months 
or years. 


CHRONOGRAPH and CHRONOMETER — An instru- 
ment for measuring and displaying small intervals of 
time; it is frequently used to measure the velocity of a 
projectile. An inexpensive chronometer, commonly 
used to measure the muzzle velocity of a bullet fired 
from a small arm, is shown below. 
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This instrument operates by optically detecting the 
passage of an object (in this case, the bullet) as it 
passes between two high-sensitivity detectors. The 
detectors are mounted in the top of the instrument 
package and are aimed up toward the two white plas- 
tic strips (which help to provide a constant light 
background) that are positioned above the instrument. 


In the past, this general type of instrument recorded 
the results graphically, such as squiggles made by a 
pen on a rapidly rotating drum. In that case, the in- 
strument was properly described as a chronograph. 


CHRYSANTHEMUM (star composition) — A fast burn- 
ing comet star composition that produces is dense 
spark trail. Three formulations described as chrysan- 
themum star compositions are presented below (Lan- 
caster 2006). 


Formulation — | Parts by Weight 
Ingredient | (1) 


CHRYSANTHEMUM SHELL, FLAT — See flat chrysan- 
themum shell. 


CHRYSANTHEMUM MATCH - See match, Japanese. 


CHRYSANTHEMUM SHELL - A spherical, hard- 
breaking shell (originally of Japanese origin), in which 
the stars produce a densely visible trail of sparks (at 
least initially upon the shell bursting). (Contrast with 
peony shell.) The development of a typical chrysan- 
themum shell is shown in the series of images below. 
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Photo Credit: Eldon Hershberger 


To successfully achieve a high degree of symmetry in 
the burst pattern, it is necessary that the stars used in 
the chrysanthemum shell be as identical in diameter 
and weight as practical. 


In the classic version of a chrysanthemum, the force of 
the burst and the burn time of the stars are such that the 
trajectory of the stars appears straight, without notice- 
able bending due to gravity. Many variations exist, 
and the term chrysanthemum shell is not always used 
in this precise manner. For example, the type of shell 
described as a brocade peony is better described as a 
type of chrysanthemum shell because the brocade ef- 
fect is one in which the stars produce spark trails. 


To some extent, the type of chrysanthemum shell can 
be differentiated by the force of its bursting and the 
length of time its stars burn. A type of chrysanthe- 
mum shell in which the stars burn long enough to ob- 
serve a slight but readily discernible droop at the end 
of their trajectories, is another example where there is 
a lack of agreement in naming. For some manufac- 
turers, the adjectives crown and diadem (which 
means crown) may both be used to describe this ef- 
fect; other manufacturers differentiate between the 
two names. Some manufacturers may use the adjec- 
tive crown for a slight drooping effect and reserve the 
adjective diadem for a type of color changing shell in 
which the stars initially produce a trailing effect that 
changes to a bright (metal-fueled) effect, often col- 
ored (e.g., ruby diadem). 


If the stars of the shell burn a very long time, produc- 
ing a substantial drooping, often with the stars almost 
reaching the ground, the shell is typically described 
as a kamuro shell or a kamuro chrysanthemum. 


(For information on the construction and of types of 
chrysanthemum shells, see spherical aerial shell and 
aerial shell name and description (specific). 


CHRYSANTHEMUM STAR — While this could describe 
any star used in a chrysanthemum shell, it often refers 
specifically to stars producing a gold, trailing spark 
effect and the star compositions used to produce that 
effect. (See comet type (comet star).) 


CHUFFING — The sound produced by unstable pyro- 
technic burning, which sounds somewhat like a steam 
locomotive starting to move. 


In fireworks: A firework rocket that is designed to 
chuff is a strobe rocket (see firework rocket type, 
specific). It is possible to control the chuffing fre- 
quency of these rocket motors to ensure adequate 
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thrust for safe flight. Chuffing strobe rockets normal- 
ly use magnalium and ammonium perchlorate as ma- 
jor ingredients in their formulation. Because of their 
unique sound (and pulses of light) such rockets gen- 
erally attract much attention during their perfor- 
mance. They are considered to be a specialized de- 
vice and are not currently available commercially. 


In rocketry: Chuffing is a term sometimes applied to 
rocket motor combustion instability during the burn- 
ing of the composite rocket propellant. It describes the 
sound produced by the rocket motor when burning 
(i.e., it can sound like chuff - chuff - chuff). There 
may be a single chuff or a series of chuffs. Typically, 
the bursts of thrust come faster and become longer as 
burning proceeds, until stable burning may result. In 
other cases, stable burning is not achieved, and the 
propellant may be extinguished. Chuffing can be 
dangerous because it can result in unstable or reori- 
ented rocket flight. 


As a matter of safety policy, one should not approach 
a composite rocket motor until at least 20 seconds af- 
ter a failed ignition or chuff extinguishment. 


CHUGGING (rocketry) — The sound produced by unsta- 
ble burning of a rocket engine. Chugging of a rocket 
engine is roughly synonymous to chuffing of a rocket 
motor. 


CHUTE — See parachute. 


CIE — Abbreviation for Commission Internationale de 
l’Eclairage, previously the ICI (International Com- 
mission on Ilumination). 


CIE COLORIMETRIC SYSTEM -— A color-stimulus- 
specification system developed by the International 
Commission on Illumination (CIE is the acronym of 
the French name of the organization, Commission In- 
ternationale de TEclairage). For more information 
see: WWw.cie.co.at 


CIE ILLUMINANT - Any of the standards for white 
light as defined by the Commission Internationale de 
lEclairage, (CIE), formerly the International Com- 
mission on IIlumination (ICI). These standards (A, B, 
C, E and the D series) approximate common light 
sources under certain specified conditions. Hluminant 
A, as an example, approximates a medium wattage 
incandescent lamp, while the D series are more com- 
plex approximations of daylight. Illuminant C is 
commonly used to quantify the color purity of a col- 
ored light source (see color measurement). luminant 
E is an equal admixture of red, green and blue light. 
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CIE SCALE - Formerly known as the ICI scale. A 
scale of color descriptions developed by the Commis- 
sion Internationale de |’Eclairage (CIE), formerly the 
International Commission on II]umination (ICI). 


CIE WHITE — See CIE illuminant. 


CIGARETTE BURNING — See burn type, pyrotechnic 
(parallel burning) and end burning. 


CIGARETTE-BURNING ROCKET MOTOR - See rocket 
motor, end-burning. 


CIGARETTE LOAD — (Also cigar load) — A trick device 
intended to be inserted into the tobacco of a cigarette 
or cigar that is to be smoked by an unsuspecting vic- 
tim. When the glowing tobacco reaches the device, it 
ignites, producing an effect intended to surprise and 
alarm the smoker and thus provide amusement to 
knowing onlookers. Cigarette loads are (or were) 
available in shops that sold novelty items, tricks or 
magicians’ accessories. 


Several types of cigarette loads are shown below. 


Photo credit: Michael and Randy Feldman 


(A) Each load consists of a small stick of wood, per- 
haps 0.08 by 0.5-inch (2 by 12-mm) in diameter and 
length, coated with a very small quantity of explosive 
composition (e.g., silver(I) fulminate). This type of 
load gives a loud explosion that often shatters the tip 
of the cigarette or cigar. (A') is an older version of (A) 
in which the wooden pieces are smaller and have 
been colored black. (B) is another type of exploding 
cigarette load in which each load is a cardboard seg- 
ment, to be torn off from a perforated or creased 
sheet. (C) is a cigarette load consisting of extruded 
pellets of a pyrotechnic composition that produce a 
sparkling effect. (D) is a foil-wrapped cigarette load 
that generates a foul stench when activated. 


CIGAR LOAD — See cigarette load. 
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CINNABAR — See mercury(I) sulfide. 
CIRCUIT FAULT — See open circuit and short circuit. 
CIRCUIT TYPE — See electrical firing circuit type. 


CIVILIAN SPACE EXPLORATION TEAM — (Abbrevi- 
ated CSXT) — A group of hobbyists in the US (with 


commercial and private sponsorship) with the aim of 


being the first group to build and launch the first am- 
ateur rocket into space. Although amateurs, in the 
sense that they were not paid for their participation in 
this endeavor, many of the members are highly re- 
garded professionals in project-related industries. 


On May 17, 2004, they achieved their goal with the 
GoFast rocket and a flight to an altitude of 72 miles 
(space being defined as starting at 62 miles, 100 km, 
above the Earth). This altitude was determined by 
analysis of data from several redundant accelerome- 
ters carried on the GoFast rocket. As an amateur ef- 
fort, a license to launch was not a requirement, but a 
waiver to enter national airspace was required and 
acquired by the team. Two Federal Aviation Admin- 
istration / Office of Commercial Space Transporta- 
tion (FAA/AST) inspectors were on hand to verify 
that the launch complied with the requirements of the 
waiver. The FAA/AST analysis of accelerometer data 


resulted in agreement to within 5% of the post-flight 


data analysis done by CSXT. 


An important part of the total effort was the design 
and construction of the rocket motor, which was 10 
inches (254 mm) in diameter and 175 inches (4.44 m) 
long. Several tests were conducted to characterize the 


propellant using smaller motors. The GoFast motor 
contained 435 pounds (198 kg) of propellant and 


achieved a maximum velocity of Mach 5. A calcula- 
tion based on the acceleration data yielded a total im- 
pulse of 92,400 Ib-s (411,000 newton-seconds) and a 
delivered specific impulse of 212.5 seconds. 


CJ DETONATION — See detonation type (ideal detona- 
tion). 


CJ PRESSURE -— See detonation pressure. 

Cl — Chemical symbol for the element chlorine. 
Cz — Symbol for /ift coefficient. 

CL-20 — See hexanitro-hexa-aza-isowurtzitane. 


CLASS 1 (UN) — The UN hazard classification for ex- 


plosives. This number is followed by a decimal point 
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anda second number, expressing the explosive hazard 
division, which defines the type of hazard associated 
with the type of explosive. Following the division 
number is a letter indicating the explosive’s compati- 
bility group. For example, consumer fireworks are 
classified as Explosives 1.4G. (See explosives, classi- 


fication of.) 


CLASS A,B,C DRY-CHEMICAL EXTINGUISHER — 
See fire extinguisher type. 


CLaAss A EXPLOSIVES - Those explosives, as for- 
merly defined by the U.S. Department of Transporta- 
tion, that possess a detonating or otherwise very se- 
vere hazard (e.g., most primary and secondary high 
explosives) This classification is now obsolete, hav- 
ing been replaced by the UN classification system. 
(See explosives, classification of.) For example, most 
explosives formerly classified as Class A Explosives 
are now Classified as Explosives 1.1. 


CLASS, AMATEUR ROCKETRY — See amateur rocket. 


CLass B EXPLOSIVES — Those explosives, as for- 
merly defined by the U.S. Department of Transporta- 
tion, that possess a significant deflagration or major 
flammable hazard (e.g., special display fireworks and 
bulk propellants). This classification is now obsolete, 
having been replaced by the UN classification sys- 
tem. (See explosives, classification of.) For example, 
most explosives formerly classified as Class B Ex- 
plosives are now classified as Explosives 1.3. 


CLASS B FIREWORKS — An obsolete designation in the 
US for large fireworks formerly described as special 
fireworks, which fell into the now obsolete classifica- 
tion of Class B Explosives. Currently, such fireworks 
are described as display fireworks and are classified 
using the United Nations designation of Explosives 
1.3G. Nonetheless, some in the US firework industry 
and some state laws still use the old description. 


CLass C EXPLOSIVES — Those explosives, as for- 
merly defined by the U.S. Department of Transporta- 
tion, that contain Class A or Class B explosives, or 
both, as components but in limited or restricted quan- 
tities (e.g., common fireworks and ammunition). This 
classification is now obsolete, having been replaced 
by the UN classification system. (See explosives, 
classification of.) For example, most explosives for- 
merly classified as Class C Explosives are now clas- 
sified as Explosives 1.4. 
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CLASS C FIREWORKS — An obsolete designation in the 
US for small fireworks formerly described as common 
fireworks, which fell into the obsolete classification 
of Class C Explosives. Currently, such fireworks are 
described as consumer fireworks and are classified 
using the United Nations designation of explosives 
1.4G. Nonetheless, some in the US firework industry 
and some state laws still use the old designation. 


CLASS D DRY-CHEMICAL EXTINGUISHER — See 
fire extinguisher type. 


CLASSICAL COLOR MIXING LAWS — See color- 
mixing laws, additive. 


CLASSICAL MECHANICS — See Newtonian mechanics. 


CLASSIFICATION CODE (explosive) — See explosives, 
classification of. 


CLASSIFICATION OF AMATEUR ROCKETS — See 
amateur rocket. 


CLASSIFICATION OF BURN INJURY - See burn (noun). 


CLASSIFICATION OF EXPLOSIVES — See explosives, 
classification of. 


CLASSIFICATION OF FIREWORKS - See firework clas- 
sification (Australia); firework classification (Cana- 
da); firework classification (UK); firework classifica- 
tion (US); and fireworks, descriptive classification of. 


CLAY — A natural mineral product formed by the in- 
tense weathering of rocks, characterized by having a 
very small particle size (typically less than 4 microns). 
Clays primarily consist of various hydrated alumino- 
silicate minerals, many of which have specific names 
(e.g., kaolinite {CAS 1332-58-7}, montmorillonite 
{CAS 1318-93-0} and illite {CAS 12173-60-3}. 


In fireworks: Clay is used to form end plugs in various 
firework devices and small firework mortars. It is also 
used to form nozzles and chokes in small rocket mo- 
tors, gerbs and fountains. Some of the many types of 
clay commonly used include bentonite and fire clay. 


CLAY TORPEDO -— See torpedo, firework. 


CLAY, WELL-ROTTED — Clay properly prepared for 
use to form nozzles and end plugs in Black Powder 
rockets, gerbs, fountains and other pyrotechnic de- 
vices. Typically, before use, the clay will have had a 
few percent moisture (2 to 3%) added and will have 
been stored in a sealed container for at least several 
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days to allow the moisture to equilibrate through the 
clay. When clay has been prepared in this way and 
has been tightly compacted under high pressure, noz- 
zles and end plugs made with it will be both hard and 
ruggedly enduring. 


CLEAN-BURNING COLORED-FLAME CHEMISTRY — 
See colored-flame chemistry. 


CLEAN-OUT TOOL or CLEANING STICK — See mortar 
clean-out tool. 


CLEAR LANDING AREA -— See fallout area. 


CLINKER — A solidly-fused mass of incombustible ma- 
terial remaining after something is burned. Clinkers 
are more dense and solid than what would be de- 
scribed as ash, but generally less dense than what 
would be described as solidified dross. 


CLINOMETER ~— See inclinometer. 


CLIP WHIP — Several micro clips (e.g., small spring- 
loaded alligator clips) on short wires (usually three 
pair) all connected at their free end. These are used to 
facilitate ignition of model rocket motor clusters in 
which each motor has a separate igniter. 


CLOSED BOMB — (Also closed vessel or sealed vessel) 
— A test device used to measure the characteristics of 
materials such as pyrotechnics, explosives and pro- 
pellants. This type of instrument was initially used to 
measure the pressure generated by Black Powder. It 
was first used in 1738 by Italian military engineer 
Alessandro Vittorio Papacino d’Antoni (1714-1786). 
Today, closed bombs are used in the determination of 
the pressure versus time characteristics (i.e., the 
quickness) of reacting energetic materials and in calo- 
rimetry (see calorimeter, bomb). 


CLOSED CIRCUIT — A complete electric circuit. In py- 
rotechnics and explosives, the description is usually 
in the context of activating a circuit in the process of 
firing a charge or device. 


CLOSED SYSTEM — In thermodynamics, a system in 
which no transfer of mass takes place across its 
boundaries. In pyrotechnics, a closed system is a 
fixed-volume chamber (e.g., a closed bomb) used for 
testing the pressure versus time characteristics of gas 
generators, cartridges or combustible materials. 


CLOSED VESSEL — See closed bomb. 
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CLOSING DISK and CLOSURE DISK -— See top disk. 


CLOTHE or CLOTHING (fireworks) — The process of 
putting lengths of black match into paper sleeves or 
pipes so that it can be used to convey fire almost in- 
stantaneously between two points. The product was 
referred to as clothed match or piped match, or more 
recently as quick match. 


CLOUD SEEDING — The introduction of material into 
clouds to promote the condensation and growth of 
super-cooled water droplets by inducing some of 
them to freeze. Cloud seeding is performed to pro- 
duce rain or to enhance the amount of rain, to prevent 
hail, to enhance snowpack formation or to disperse 
fog. This can be done in two ways: cooling the clouds 
with solid carbon dioxide or liquid propane, or by in- 
troducing certain finely-divided solids into the 
clouds. Solid materials for cloud seeding are of two 
types: hygroscopic salts (such as potassium chloride 
or calcium chloride) and ice-nucleating crystals (usu- 
ally silver(I) iodide). 


Cloud seeding was discovered and developed in 1946 
by American chemist and meteorologist Vincent Jo- 
seph Schaefer (1906-1993), initially using solid car- 
bon dioxide (i.e., dry ice). In 1947 American physical 
chemist Bernard Vonnegut (1914-1997) discovered 
that silver(I) iodide is a particularly effective ice- 
nucleating agent. Frozen droplets grow at the expense 
of super-cooled droplets, because the equilibrium va- 
por pressure is greater over a super-cooled liquid than 
over a solid. Eventually, the frozen particles of water 
grow too large to be held by air currents in the cloud 
and they fall. Depending on the prevailing tempera- 
tures, they may melt to fall as rain as they descend 
through the lower parts of the cloud and through the 
atmosphere. For a discussion of hail formation and 
suppression, see rocket, anti-hail. 


The effects of cloud seeding are not limited to the 
precipitation of liquid water already held in the cloud. 
The freezing of super-cooled droplets and the con- 
densation of water vapor releases latent heat, which 
increases the buoyancy of clouds and can double 
their size. Larger clouds tend to grow even larger by 
drawing in more moist air, thus increasing the quanti- 
ty of precipitation eventually produced. 


Pyrotechnic devices (e.g., rockets and flares) have 
been developed for creating and dispersing both types 
of cloud-seeding materials. Flares are typically of 
two types (shown below), burn-in-place (left) and 
ejectable cartridges (right). 
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Photo Credit: Ice Crystal Engineering 


Both types can be used with aircraft flown through 
the cloud. Two examples of the use of burn-in-place 
flares attached to the trailing edge of an aircraft’s 
wing are shown below. 


Photo Credits: Ice Crystal Engineering 


As an alternative, the burn-in-place flares can also be 
used at ground level and fired remotely if needed. An 
example of such an installation is shown below. 


Photo Credits: Ice Crystal Engineering 


Explosives were used in some cloud-seeding rockets 
to disperse a hygroscopic salt or silver(I) iodide into 
the clouds. Non-pyrotechnic dispersal, such as burn- 
ing a solution of silver(I) iodide in acetone, has also 
been used. Examples of some pyrotechnic formula- 
tions for cloud seeding flares are presented below. 
Formulations 1 and 2 generate silver(I) iodide [AgI] 
for ice nucleation, and formulation 3 generates hy- 
groscopic chlorides and magnesium oxide. 
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Formulation —} Parts by Weight 
Ingredient | 


a) Rounded to the nearest percent. 
1 and 2) Simpson, 1970. 3) Mather, 1997. 
b) Glyceryl triacetate, triacetin, [C9H1406], {CAS 102-76-1} 


Despite the scientific plausibility of the processes in- 
volved, the effectiveness of cloud seeding is contro- 
versial. It can always be claimed that the desired ef- 
fect would have happened without any intervention. 
Nonetheless, procedures have been developed that 
can give a definitive answer as to the effectiveness of a 
cloud-seeding experiment; such procedures have in- 
dicated that cloud seeding can be effective, but only 
under certain limited weather conditions. An example 
of successful cloud seeding is given by its use since 
the 1960s to promote rainfall over mountainous re- 
gions of Tasmania (Australia) where the increased pre- 
cipitation is desirable for the generation of hydroelec- 
tricity. In some cases, seasonal rainfall increases as 
high as 30% have been achieved. Conversely, experi- 
ments in other parts of Australia found that cloud seed- 
ing in those regions was either ineffective or uneco- 
nomical as a means of increasing the average rainfall. 


CLUB MOSS SPORES — See Lycopodium powder. 


CLUSTER (rocketry) — A group of rocket motors, usu- 
ally in a single-stage rocket or the first stage of a 
multi-stage rocket. They may all be ignited at the 
same time, or the central motor(s) ignited initially 
and the outer (i.e., outboard) motors ignited after lift- 
off. (See rocket motor, air start.) 


CLUSTER IGNITION — The simultaneous ignition of a 
group of rocket motors to produce greater output. The 
total impulse of cluster of rocket motors is equal to 
the sum of their individual impulses. Similarly, the 
instantaneous thrust of a rocket motor cluster is equal 
to the sum of their thrusts at that instant. 
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Cluster ignition is often accomplished by applying 
the current to each rocket motor’s igniter using a par- 
allel circuit facilitated with the use of a clip whip. If 
all the motors fail to ignite simultaneously, it is pos- 
sible that the rocket will have unstable flight. Thus, 
care must be taken to ensure that all motors are ignit- 
ed at the same time. Often this is accomplished by 
verifying the proper connection of the igniters and 
verifying that the firing controller can supply ample 
firing current for the collection of igniters. 


CLUSTER MATCH — See match, tear-off. 
CM — The abbreviation for centimeter. 
CM$ — The symbol for cubic centimeter. 


CMC — Abbreviation for sodium carboxymethyl- 
cellulose. 


CMCDB PROPELLANT — Abbreviation for composite, 
modified, cast, double-base rocket propellant. See 
propellant type. 


CMDB -— Abbreviation for composite-modified, dou- 
ble-base propellant. See propellant type. 


COz EXTINGUISHER — See fire extinguisher type. 


COACERVATION -— (Also salting out) — A technique 
that can be used for the intimate mixing of some py- 
rotechnic compositions. It involves the precipitation 
of a substance from its saturated solution in one sol- 
vent by the addition of a second solvent that is misci- 
ble with the first solvent but in which the dissolved 
substance is much less soluble. 


The technique commonly involves precipitation of a 
dissolved salt from water by the addition of ethanol. 
For example, an intimate mixture of Black Powder 
ingredients (potassium nitrate, charcoal and sulfur) 
can be prepared using coacervation. (This is some- 
times described as the “Field Expedient Method of 
Making Black Powder”.) In this process, finely pow- 
dered charcoal and sulfur are suspended in a saturat- 
ed solution of potassium nitrate in water and then 
ethanol is added to precipitate the potassium nitrate 
and carry the suspended charcoal and sulfur with it. 
The effectiveness of this method is substantially in- 
creased if the initial saturated solution is hot, the al- 
cohol is cold, and the mixing is vigorous. 


When two (or more) substances are precipitated simul- 
taneously (i.e., coprecipitated) using coacervation, it is 
possible to produce some especially intimately mixed 
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pyrotechnic compositions. As a result, some of these 
compositions can have extraordinarily high burn rates. 


COAL — {CAS 125612-26-2} — A carbonaceous miner- 
al primarily used today as an industrial fuel. Coal is 
available in several varieties, differing in hardness, 
energy content and the contaminants it contains. 


In_pyrotechnics: Although both coal and charcoal 
contain high levels of carbon, coal is only very rarely 
used as a pyrotechnic fuel. In older literature, it was 
often referred to as pit coal to distinguish it from 
charcoal, which was commonly described as coal by 
pyrotechnists. Even when finely ground, coal is diffi- 
cult to ignite compared with charcoal. This is likely 
the primary result of coal particles being substantially 
denser than charcoal. 


COAL (jargon) — A potentially confusing term some- 
times used by pyrotechnists for charcoal. 


COAST GUARD (US) — (Abbreviated USCG) — A US 
government agency having jurisdiction over firework 
displays conducted on navigable waterways in the US. 


COASTING PHASE (rocketry) — See rocket flight 
phase, amateur. 


COAXIAL-PROBE METHOD and COAXIAL-TUBE 
METHOD — See VOD determination, method for (co- 
axial tube method). 


COCOA POWDER - See powder type (brown powder). 


COCONUT PALM, COCONUT SHELL and COCONUT 
TREE (fireworks) — See palm tree shell. 


CODE OF FEDERAL REGULATIONS (US) — (Abbre- 
viated CFR) — An extensive set of regulations im- 
plementing the US federal statutes. Regulations af- 
fecting pyrotechnics can be found in, CFR Titles: 

14 — Federal Aviation Administration 
16 — Consumer Product Safety Commission 


27 — Bureau of Alcohol, Tobacco, Firearms, 
and Explosives 


29 — Occupational Safety and Health 
Administration 


40 — Environmental Protection Agency 
49 — Department of Transportation 


COEFFICIENT OF DRAG — See drag coefficient. 
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COEFFICIENT OF FORM — A dimensionless number 


relating to the drag force of an object referenced to its 
shape. (See drag coefficient.) 


COEFFICIENT OF LINEAR EXPANSION — The change 


in length of a material, per unit length, for a tempera- 
ture change of one degree within a specified tempera- 
ture range. 


COEFFICIENT OF VARIATION (Symbol: V) — (Also 


coefficient of variance) — The standard deviation (s), 
expressed as the percent of the mean (x ) for a sam- 
ple distribution (see statistic (standard deviation) and 
(mean)): 


V =—-100 


I | & 


The coefficient of variation is a convenient measure of 
the magnitude of the relative variation in a sample 
data set. 


COFFIN (fireworks) — A long-obsolete term for a fire- 


work case. An example from 1635 is shown below. 


150 The fecond Booke 
the bottom of the former, lay ir by untill the end be tho- 
row dry. 

Thus you may at leifure times make divers ceffins ready 


to ufe upon any occafion. The following figuie expreflesh 
anempty coffin, 


Hah 


Illustration credit: Bate, 1635 


AA 


COFFIN TORPEDO - See torpedo, coffin. 
COHESION — See adhesion. 


COLD-FIRE EFFECT — An unfortunate and incorrect 


description sometimes applied to two types of special 
effects. 


As applied to stage gerbs: This description is serious- 
ly inappropriate because the jet of fire immediately 
above the device and extending upward for approxi- 
mately a foot (0.3 m) or more, is quite hot (at least 
2700 °F, 1500 °C). This jet of fire is easily capable of 
producing burn injuries and igniting combustible ma- 
terial. Further, while each spark in the spray of sparks 
individually carries relatively little thermal energy 
because of its low mass, they are at even higher tem- 
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peratures (at least 3600 °F, 2000 °C). Collectively, 
especially after prolonged exposure, these spark par- 
ticles can ignite combustible materials. 


The description (cold-fire effect) is apparently the re- 
sult of advertising hype and is demonstrated by one’s 
ability to allow the spray of sparks, well-above the 
device, to briefly strike one’s hand without causing 
immediate injury. Unfortunately, the misconception 
that the spray of sparks will not ignite combustible 
material has resulted in the misuse of such gerbs and 
that misuse (coupled with other factors) produced the 
single most serious accident stemming from the use 
of proximate audience pyrotechnics in the US. 


As applied to lycopodium flame effects: Lycopodium 
powder (also described as dragon’s breath) is occa- 
sionally used to produce a brief puff of flame that is 
sometimes referred to as a cold-fire effect. Because 
this tends to be of such a short duration, it has limited 
potential to ignite other combustible materials. Since it 
has a flame temperature of roughly 2700 °F (1500 °C), 
it certainly is not cold and does have the potential to 
cause the ignition of other materials. 


COLD PROPELLANT ROCKET MOTOR -See rocket 
motor, cold propellant. 


COLISEUM AIRBURST — See airburst. 
COLISEUM POT — See puff pot. 


COLLAPSE PROBE METHOD -— See VOD determina- 
tion, method for (coaxial tube method). 


COLLECTABLES, FIRECRACKER — An area of fire- 
work memorabilia collecting wherein individual fire- 
cracker pack labels and brick labels, and complete 
firecracker packs and bricks are highly prized. An 
important piece of information for a collector is the 
approximate date of manufacture of the firecracker 
pack or the label harvested from a pack of firecrackers. 


In the US, and in the absence of other information, 
dating these items to specific periods is often possible 
by a careful examination of the label itself. Based on 
this information, the label can be identified as be- 
longing to one of a series of seven classes corre- 
sponding to their approximate date of manufacture. 
The classification scheme described below is derived 
from changes (mostly US government directed) to the 
firecracker labels. By informal agreement, most label 
collectors in the US use this classification scheme or 
something close to it. 
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Class 1, (Pre-1950): This is the oldest class of fire- 
cracker labels in this classification. An example of a 
Class | pack of firecrackers is shown below. 


A Class 1 label is identified by: 1) It has its place of 
manufacture identified as Made in China or Made in 
Macau (although a few may identify Hong Kong or 
Canton as the place of origin): 


2) It does not yet bear the eventually required US 
government warning CAUTION — EXPLOSIVE. 
These labels may bear a general warning such as: Do 
not hold in hand. 


Class 2, (1950-1953): This class of firecracker labels 
corresponds to firecrackers manufactured during the 
Korean War, when imports from China were banned. 
Since firecrackers were also made in Macau prior to 
1950, Class 2 can only be reliably applied to brands 
that are known to exist in Class 1 or were first intro- 
duced during the Class 2 period. An example of a 
Class 2 pack of firecrackers is shown below. 
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A Class 2 label is identified by: 1) It has its place of 
manufacture identified as Made in Macau or Made in 
Portuguese Macau: 


2) It still does not bear the eventually required US 
government warning CAUTION — EXPLOSIVE. 
These labels may bear a general warning such as: Do 
not hold in hand. 


Class 3, (1954-1967): By this time, it was a require- 
ment that the labels identify the US Interstate Com- 
merce Commission (ICC) as the agency having regu- 
latory authority over the shipping for all fireworks 
and explosives. (At that time in the US, consumer 
fireworks were described as Class C explosives and 
common fireworks.) An example of a Class 3 pack of 
firecrackers is shown below. 


A Class 3 label is identified by: 1) It has the words 
ICC Class C, Common Fireworks (generally in a 
small outlined box, as faintly seen near the center of 


iP’y, . : : 
2) It still does not bear soon to be required US gov- 
ernment warning CAUTION — EXPLOSIVE. These 
labels may bear a general warning such as: Do not 
hold in hand. 


Class 4, (1968-1970): By this time, it was mandatory 
that warning and shooting instructions be printed on 
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consumer firework labels. 
An example of a Class 4 


. AGEL 
pack of firecrackers is ' Gu ko i 


\ BRAND 


shown at the right. 


A Class 4 label is identified 
by: 1) It has the continued 
presence of the words ICC 
Class C, Common Fire- 
works (generally in a small 
outlined box): 


Peet NAL lat 


government required 
warning CAUTION — EXPLOSIVE along with some 
basic directions for the use of firecrackers: 


Class 5, (1971-1976): By this time, responsibility for 
the classification and shipping of consumer fireworks 
shifted from the Interstate Commerce Commission 
(ICC) to the US Department of Transportation (DOT). 
Also, because US trade was once again possible with 
China, many of the packs of firecrackers of this peri- 
od again identify their place of origin as China. (La- 
bels marked Made in Macau or Made in Taiwan are 
also often found.) An example of a Class 5 pack of 
firecrackers is shown below. 
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A Class 5 label is identified by: 1) The presence of 
the words DOT Class C, Common Fireworks (gener- 
ally in a small outlined box): 


2) It bears the required US government warning 
CAUTION— EXPLOSIVE and basic directions for the 
use of firecrackers: 


3) It does not yet bear the words contains less than 50 
mg of flash powder. 


Class 6, (1977-1994): By this time, it was a require- 
ment of the US Consumer Product Safety commis- 


sion that firecrackers must not contain more than 50 
milligrams of flash powder. An example of a Class 6 
pack of firecrackers is shown below. 


aaeaeaeaeaeKe KK Kaa KK 


OLDE GLORY 


Firecrackers 


* % 


maveincuna 114" | & S 


CAUTION-EXPLOSIVE 


DO NOT HOLD IN HAND 
LAY ON GROUND LIGHT FUSE GET AWAY 
USE OUTDOORS UNDER ADULT SUPERVISION ONLY 


* 
* 
a 
* 
a 
* 
+ 
Ht 
* 
* 
* 
Pe 
a 
+ 
+ 
* 
» 
* 
* 
» 
* 
ot 
Pa 
+ 
a 


A Class 6 label is identified by: 1) The presence of 
the words DOT Class C, Common Fireworks (gener- 
ally in a small outlined box; in the example above it 
is in very small type without a box, and on this label, 
it appears just below the feet of the marchers): 


BQ T CLASS “cc COMMON FIREWORKS 
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2) It bears the warning CAUTION — EXPLOSIVE 
and basic directions for the use of firecrackers: 


CAUTION-EXPLOSIVE 


: DO NOT HOLD IN HAND 
LAY ON GROUND LIGHT FUSE GET AWAY 
USE OUTDOORS UNDER ADULT SUPERVISION ONLY 


3) It now bears a phrase similar to POWDER CON- 
TENT OF EACH FIRECRACKER DOES NOT EX- 
CEED 50 MG (appearing in small print as the very 
bottom line of this label’s text): 


POWDER CONTENT OF EACH FIRECRACKER DORS NOTEXCEED 50 MG. 
Class 7, (1993—Present): By this time, the US com- 


pleted its conversion to the United Nations classifica- 
tion system of hazardous materials, including explo- 
sives. For firecrackers, this required replacing the DOT 
CLASS C COMMON FIREWORKS designation with 
UN0336 1.4G CONSUMER FIREWORKS. An ex- 
ample of a Class 7 pack of firecrackers is shown below. 


WARNING-EXPLOSIVE 


| 
; 


A Class 7 label is identified by: 1) It has the words 
UN 0336 1.4G CONSUMER FIREWORKS (gener- 
ally in a small outlined box): 


2) It bears the phrase WARNING — EXPLOSIVE 
and generally an expanded set of directions for use of 
the firecrackers: 
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USE ONLY UNDER CLO! ' ADULT SUPERVISION FOR 
OUTDOOR USE ONLY DO NOT ATTEMPT TO TAKE 
FIRECRACKER STRING APART PLACE ON GROUND 


DONOT HOLD INHAND OR THROW FIRECRACKERS 
LIGHT FUSE AND GET AWAY NEVERATTEMPT TO 
RELIGHT AFUSE NEVER ATTEMPT TOLIGHT 
FIRE( KERSINACLOSED CONTAINER NEVER 
CARRY FIRECRACKERS IN 1 CLOTHING 


3) It may or may not still bear the phrase similar to 
POWDER CONTENT OF EACH FIRECRACKER 
IN THIS PACKAGE DOES NOT EXCEED 50 MG 
(appearing on this label just below the list of direc- 
tions in very small print): 


COLLECTABLES, FIREWORK CATALOG — The collec- 
tion of firework catalogs is an area of firework mem- 
orabilia collecting. A page from the 1927 firework 
catalog of the California Fireworks Company is 
shown below. 


California Fireworks Company 5 


TORPEDOES 


GLOBE SAFETY TORPEDOES 


ang solid Mke a ball, Very 
get best res ults. 


sooneen 82.00 
sae $9.50 


NATIONAL SAFETY TORPEDOES 
Loud Report 
gross in case. 


NATIONAL 
s bs 


Uae i 


IMPROVED FLASH DAY-GO BOMBS 


The Sensation of the Season 
The Bomb is thrown from the mortar high into the 
air, and EXPLODES WITH A LOUD REPORT 
AND BRILLIANT FLASH DISPLAY. 
Per Doz. 
1.50 


fammoth Size 


Prices Subject to Trade Discount 
Photo Credit: Hal Kantrud 


COLLECTABLES, MATCH-RELATED — The collecting 
of matchbox labels as a hobby began in the 1880s. 
Over the years, the hobby expanded to include collec- 
tions of matchbook covers and practically anything 
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else related to matches. The term philumeny for the 
collection of such items was coined in England in 
1943 by analogy to the term philately for the collec- 
tion of postage stamps. Today, match-related collect- 
ables can be broadly classified as follows: 

e Complete boxes (with or without matches) 

e Matchbox labels 

e Matchbox skillets (see below) 

e Complete matchbooks 


e Matchbook covers 


e Packet wrappers 


e Hardware, including match safes, match strikers, 


match grips and Vesta cases (See match, historical 
(Vesta).) 


e Ephemera such as advertisements, brochures and let- 


terheads. 


Collections of complete items and hardware are of 
great interest as they preserve the items in their origi- 
nal state, but they have the disadvantage of taking up 
much space. Large collections of items containing 
matches can be a fire hazard and might present prob- 
lems with fire insurance. 


Matchbox labels that have never been stuck on a box 
are referred to as being mint specimens, those that 
have been stuck on a box are referred to as used. La- 
bels are removed from boxes by soaking in warm wa- 
ter, much as postage stamps are removed from enve- 
lopes. There are two types of labels: a single, which 
is applied to one side of a box, and around the box 
(ARTB), which covers the front, back and sides of 
the box. When ARTB labels are soaked off the box, 
the striking surfaces remain on the label. The practice 
of cutting these labels to obtain front and back panels 
resembling single labels was common, especially 
among juvenile collectors but is deplored by serious 
collectors. 


Matchbox labels have largely been replaced by skillets, 
in which the artwork is printed directly on the card 
that forms the matchbox. These are sometimes en- 
countered as mint specimens (i.e., flat cards), which 
have not been folded into boxes. Folded boxes are of- 
ten flattened for ease of storage by carefully separat- 
ing the glued joint. Any trimming of the resulting 
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card or peeling away layers of the card to make it 
thinner, damages the item and is to be avoided. 


Matchbook covers are available as mint specimens 
that have not been folded. Used items are prepared by 
carefully removing the staple or staples that hold the 
cover to the matches and folding the cover flat. 
Trimming the cover by cutting off the striking sur- 
face or thinning the card ruins the cover from the 
point of view of most collectors. 


Matchbox labels are best preserved and displayed in 
the albums sold for stamp collections. A page from 
an album of a collection of match covers from Bengal 
matches is shown below. 


The “Firework Man“ on these 
Indian labels was originally used on 
advertising posters by Standard 
Fireworks Ltd of Huddersfield, 
England. The “Standard Colour 
Match Works" of Vettilayurani had 
nothing whatever to do with the 
English firework company, but that 
did not stop it using the “Firework 


| Man" design . aces 


CUPID'S Bengal Matches 


These English labels were issued in 
the 1950s. They are not a 
red/green pair, but two issues of a 
similar design, Each box contained 
“Assorted Colours". 


This German label offers: 


FREE SAMPLES 
of Bengal and Star Matches. 
Horse Brand. 
Surprise your Friends. 


Another German label offers a fine selection for about 10 cents: 
CONTENTS: 
1, Bengal Matches (red and green) 
2. Gold Matches (with golden stars) 
3. Silver Matches (with silver rays) 
4. Ball Lightning Matches (with fire balls) 
Each Box 
- 10 pfennig - 
____ Always demand “Horse" brand. 


The best albums have removable pages made of acid- 
free paper and are provided with strips of transparent 
plastic that cover and protect the displayed items. The 
use of stamp hinges is not required with these albums, 
which is a good thing as the less that is done to a label 
the better itis preserved. The use of tape or glue to se- 
cure items to album pages is almost certain to ruin the 
items in the long term. Photograph albums with sticky 
pages that are covered with plastic film will ruin the 
stored items sooner or later and should never be used. 


Plastic album pages are available for displaying skil- 
lets and book match covers. Thin boxes made of rigid 
transparent plastic are also available for these items. 


Packet wrappers, used for example to wrap 10 or 12 
matchboxes in a convenient pack for distribution and 
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sale, can be stored in the transparent plastic sleeves 
sold for preserving business documents. These sleeves 
are also useful for storing and displaying match- 
related paper ephemera such as advertisements and 
letterheads. 


Complete boxes or booklets, and small hardware items 
are best stored and displayed in rigid transparent 
plastic boxes such as used for displaying mineral 
specimens. These allow the items to be seen and han- 
dled without direct contact. The boxes should be kept 
in a dark, fireproof container when not on display. 


The number of different match-related items is so 
large that most collectors decide to specialize. For the 
same reason, collectors of labels or matchbook co- 
vers eventually restrict themselves to specific themes, 
countries of origin or even specific manufacturers. 


The interest ofa collection, both to the collector and to 
casual viewers, 1s greatly increased if the collection is 
supplemented with written descriptions of the items. 


COLLECTABLES, POSTCARD — Postcards with a fire- 
work or other especially patriotic illustration ap- 
peared about the time of the first picture postcards. 
The type of large firecrackers depicted in the exam- 
ple shown below is described as cannon crackers, 
which were in common use at the time. 
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Unless the postcard has been mailed and carries a 
postmark (i.e., date), it is generally not possible to es- 
tablish a reliable date for its production. The post 
mark on the above postcard is July 3, 1907. 


dea a 


° 
Tarjeta postaln=—Carto posta 
Union postale-oniverselle 
Dopisnice. 


sil pr 
44 fo a 


VbLoxe = J 
wee 
é 2 t ogee 
© 7 4 G4, WA CU LA 
s. i me Ade Me Siclilon as 


COLLIMATE — To make nearly parallel, as in rays of 
light. This may be accomplished by passing a beam 
of light through a proper lens or series of narrow slits, 
as is commonly done to the light entering a spec- 
trometer for analyzing the emissions of a colored py- 
rotechnic flame. 


COLLISION BROADENING - See /ine broadening. 
COLLODIN POWDER - See powder type. 


COLLODION — A highly flammable, colorless or slight- 
ly yellowish syrupy liquid consisting of nitrocellu- 
lose dissolved in a mixture of diethyl ether and etha- 
nol. Upon evaporation of the solvents, it leaves a 
transparent, water-resistant film. 


The nitrocellulose used to make collodion contains 
about 11 to 12% nitrogen; such nitrocellulose may be 
designated cellulose tetranitrate or pyroxylin). The 
solvent in traditional collodion is 50 to 75% diethyl 
ether by volume, the balance being ethanol. Occa- 
sionally solutions of nitrocellulose in other solvents 
(e.g., amyl acetate) have been somewhat confusingly 
described as collodion, and the name has also been 
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used for the nitrocellulose film left after the evapora- 
tion of the solvents from collodion. 


Collodion is used in medicine to close small wounds. 
Historically, it was important in the production of 
light-sensitive media for photography. A variety 
known as flexible collodion also contains castor oil 
and camphor to plasticize the nitrocellulose film. 
Such plasticized nitrocellulose was commonly known 
as celluloid. 


COLLOID — A macroscopically homogeneous mixture 


consisting of very small particles of one substance uni- 
formly dispersed in a continuous phase of some other 
substance. The particles of the dispersed substance 
typically have dimensions in the range of 1 to 0.001 
um. Colloids can be classified, and described vari- 
ously, according to the usual physical states of their 
continuous and dispersed phases, as presented below. 


Continuous phase > : nF 
Dispersed phase | ee 


The stability of colloidal dispersions is dependent on 
many factors including the size, density and electrical 
charge of the dispersed particles. 


In pyrotechnics: Colloids used in pyrotechnics in- 
clude those produced by proteins or carbohydrates 
and water that serve as adhesives or binders; specific 
examples include dextrin and starch solutions. De- 
pending on the concentration of the protein or carbo- 
hydrate, such colloids may be described as sols (low 
concentration) or gels (high concentration). 


In special effects: Colloids found in special effects 
include some aerosols with air as the dispersion me- 
dium. Liquid aerosols are commonly described as 
fogs, while solid aerosols are commonly described as 
smokes, but these distinctions are not universally or 
firmly followed. 


In propellants: Probably the most notable example of 
a colloid in propellants is the gel formed by nitrocel- 
lulose and appropriate solvents during an intermedi- 
ate stage in the manufacture of smokeless powder. 


COLLOIDAL SILICA — See silica, colloidal. 
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COLLOIDING (verb) — To make into a colloid. In the 
context of propellants, this term, and the related terms 
gelatinize and plasticize have been used both synon- 
ymously and differently, in various texts and at differ- 
ent times. They all refer to the conversion of nitrocel- 
lulose from a fibrous state into a more uniform solid. 


Colloid: Shortly after the discovery of nitrocellulose, it 
was found to be soluble to some extent in some volatile 
solvents (e.g., a 2:1 mixture of diethyl ether and eth- 
anol) to form a viscous colloidal solution that left a 
horn-like solid when the solvents evaporated. To carry 
out this process was to ‘colloid’ the nitrocellulose. 


Gelatinize The perceived resemblance of colloided 
nitrocellulose to gelatin led to the use of the verb ‘to 
gelatinize’ for any process that converted nitrocellu- 
lose into this form. Such processes included, in addi- 
tion to those involving volatile solvents, the use of 
nonvolatile liquids and even the application of heat and 
pressure with no liquids, as described in US Patent 
2,260,343 granted to German-American chemist Jo- 
seph K. H. Seiberlich (1897-1981) in 1941. 


Plasticize: This term is sometimes used synonymous- 
ly with ‘gelatinize’ especially if the process includes 
the use of non-volatile liquids that make the product 
flexible. 


COLOMBE - See firework name and description (his- 
torical). 


COLONIAL SPIRITS — See methanol. 
COLOPHONY -— See rosin. 


COLOR AGENT, FLAME - (Also flame color additive) 
— The material added to a pyrotechnic composition to 
produce colored-flame effects. Some common pyro- 
technic flame color agents and the flame color they 
can produce are presented farther below. 


The specific molecules (i.e., flame color emitters) that 
actually generate the colored light in a pyrotechnic 
flame are produced by chemical reactions within the 
flame (see colored-flame chemistry) and are not the 
same as the listed flame color agents. Thus, the 
chemical environment and temperature of the flame 
must be carefully controlled to foster the production 
of the desired color species and to limit the produc- 
tion of interfering species. For example, yellow emis- 
sions from incandescing carbon particles can easily 
turn blue flames to white. (See color-mixing laws, ad- 
ditive.) Also, a flame that is too hot can cause the de- 
struction (i.e., the decomposition) of the desired 
flame color species. 
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Development of color compositions, similar in prin- 
ciple to those in use today began in the first quarter of 


Flame Color 


a) Flame color agents that are also low tempera- 
ture oxidizers. 


b) Also known as copper oxychloride. 


the 19" century. These compositions were based on 
new chemicals that had been discovered and character- 
ized in the late 18" century. Asa result, a full range of 
colors had been developed by the mid-1830s. Various 
color compositions were in use before then, but most of 
these early compositions produced only quite pale 
(i.e., low purity) colors at best. For example, zinc fil- 
ings were used to produce a bluish flame. Other ex- 
amples are tabulated in the potassium nitrate entry. 


COLOR AND REPORT SHELL — See aerial shell name 


and description (specific). 


COLOR BREAK — (Also break of color) — As a device, 


an aerial shell that upon functioning produces a dis- 
play of burning stars that yield colored-flame effects. 
The term used in this manner is most frequently ap- 
plied to the individual breaks of a multibreak shell 
that produces a display of colored stars. Rather than 
describing the device, the term color break may also 
be used to describe the effect produced by the device. 


COLOR CASE — See color pot. 
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COLOR CHANGE — See aerial shell name and descrip- 
tion (specific) and color-changing star. 


COLOR-CHANGE RELAY - (Also color relay, chang- 
ing relay, dark prime, dark fuse or dark fire) — A spe- 
cial type of prime applied between the layers of dif- 
ferent color-producing compositions in a high-quality 
color-changing star. The use of color-change relay is 
demonstrated in the cross-sectional illustration of a 
spherical star below. 


oe Gold Charcoal Effect 
ES + Red 


Color Change Relay 


Silver Comet Effect 


In addition to aiding in the continuation of burning 
from one composition to the next, the color-change re- 
lay provides an important aesthetic benefit. The burn- 
ing prime emits almost no visible light; accordingly, 
the stars dim to invisibility for a brief instant during 
the color change. This dimming is generally not no- 
ticed by casual observers but aids greatly in creating the 
impression that all the stars change color at the same 
instant. This interval of relative invisibility is shown 
below, in the time-exposed photograph, between the 
red and silver effects — outlined in the yellow box. 
This method of priming prevents the appearance of 
two different star colors occurring at the same time. 


Color-change relay compositions are specialized in 
that they must communicate fire easily but produce 
almost no light. Traditionally, these compositions con- 
tained arsenic(II) sulfide, which can act to effectively 
suppress the production of a visible flame envelope 
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(see flame). (These compositions were initially de- 
veloped and used in Japan.) Two formulations (1 and 
2) are presented below. Today, most color-change re- 
lay compositions have eliminated the use of arsenic 
compounds (e.g., formulation 3). Modern composi- 
tions are usually little more than modified versions of 
commonly used prime compositions that rely on the 
flame’s relatively low level of light production. 


Formulation —| Parts by Weight 
Ingredient | 


is eet : 


1&3) Shimizu, 1981. 
a) The binder specified is soluble glutinous rice starch, but 


dextrin is an acceptable substitute and is assumed to 
be an additional 5%. 


COLOR-CHANGING EFFECT — A firework device or 


component in which its flame (or spark) color chang- 
es during the time of its functioning. The most com- 
mon color changing effect is that produced by color- 
changing stars; color-changing lances, gerbs, wheel 
drivers, flares, comets and mines are also possible. 


COLOR-CHANGING STAR — Usually, a spherical star 


composed of layers of different color-producing 
compositions. As the burning of the star progresses 
from composition to composition, it produces two or 
more different colors or effects. This layering of 
compositions is demonstrated in the cross-sectional 
illustration below. (Not shown in the drawing is a 
layer of prime on its exterior.) In a higher-quality 
(i.e., competition-grade), color-change star, a special 
color-change relay type of prime is applied between 
the layers of star composition, which has the effect of 
improving the perceived precision of the color 
change between the burning layers. 


Gold Charcoal 
Effect 
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Spherical, color-changing stars were initially devel- 
oped and perfected in Japan. This is not the only way 
in which color-changing effects can be created; much 
the same effect can be created using a box star (see 
star manufacturing), in which the different color 
compositions are layered in a paper casing and the 
compositions are allowed to burn from only one end 
of the star. Although labor intensive, this type of box 
star (illustrated below in cross section) has the poten- 
tial advantage of functioning with a constant burning 
surface area. On the contrary, spherical stars have a 
constantly decreasing burning surface area, which 
can mean that their light intensity (or spark density) 
may noticeably decrease as the star burns. 


Silver Comet Effect 
Gold Charcoal Effect 


Exposed 
Burning Surface 


Paper Casing 


The proper order of star effects is important in pro- 
ducing the most pleasing display. For example, chang- 
es from cool (e.g., blue) to warm (e.g., red) colors, 
from dim to bright and from no-tail to comet effects 
are all especially pleasing. 


An example of a spherical shell producing a series of 
color changes (red to bright green to silver comet) is 
shown below. 


COLOR CHEMISTRY - See colored-flame chemistry. 


COLOR, COMPOSITE — See color measurement (com- 
posite color). 


COLORED BODY - See black body. 


COLORED COMPOSITE STAR — See star (star formu- 
lations). 
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COLORED FIRE - Either a type of device or the effect 


produced by the device. 


As a device: Colored fire may describe any of a col- 
lection of pyrotechnic items or compositions in which 
the principal effect is to produce colored flame. This 
includes a lance, flare, colored pot, Bengal fire, illu- 
minating torch and tableau fire. 


As_an effect: Colored fire is a pyrotechnic flame 
emitting colored light. 


COLORED-FLAME CANDLE -— See candle, birthday 


cake. 


COLORED-FLAME CHEMISTRY — The manner in 


which color is imparted to flames. This occurs in two 
ways. The first of these, familiar from the flames of 
candles and oil lamps, is the emission of light from 
solid (or liquid) particles suspended in the flame and 
heated to incandescence. The spectrum of such a 
flame is continuous and wide-ranging in wavelength, 
approximating that of black body radiation at the 
temperature of the flame. If the radiating particles are 
very small (of dimensions similar to the wavelength of 
light), the emitted light may appear somewhat whiter 
than expected. This is because it contains a higher 
proportion of short-wavelength radiation than would 
be the case for a black body at the same temperature. 


The second way in which a flame may be colored is 
by emissions from gaseous atoms or molecules. The 
spectrum of a flame colored in this way consists of 
one or more peaks (described as lines) in the case of 
atomic emission or one or more groups of broader 
peaks (described as bands) in the case of molecular 
emission. (See guantum theory.) 


In flames where the concentration of the gaseous 
emitter is rather low, atomic lines are very narrow 
and molecular bands each consist of a series of very 
closely-spaced lines that merge together to form a 
band. When the concentration of emitters is high, as 
it may be in pyrotechnic flames, both types of peaks 
can become very broad. This process, described as 
line broadening, is especially important in illuminat- 
ing flares. Some undesirable types of molecular 
emission can also produce broad bands (extending 
across a wide region of the spectrum) even when the 
concentration of the emitter is quite low. 


The color imparted to a flame by a particular emitter 
depends on the wavelength of the most intense lines or 
bands. The color purity (see color measurement) of the 
flame color is reduced if the flame is also emitting a 
continuous spectrum. In other words, the presence of 
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solid or liquid particles in the flame spoils the color, 
making it appear washed out (i.e., pale and dull). 


Quality colored-flame production: The production of a 
good colored flame ideally begins with a flame free 


of suspended particles. The outer flame of a well- 
adjusted Bunsen burner or oxy-acetylene torch is an 
example of such a flame. Another example is the 
flame of methanol burning in air. The weak blue col- 
or of these flames is caused by emission bands from 
Cz and CH molecules superimposed on a very broad 
emission from COo. 


The next step in the production of color is the for- 
mation of a sufficiently high concentration of the de- 
sired atomic or molecular emitter(s) in the flame. 
These color emitters are gases, and, in most practical 
colored flames, they must be generated in the flame 
from substances (1.e., flame color agents and, for most 
emitters, chlorine donors) that contain the appropri- 
ate chemical components. 


In the simple example of the qualitative flame test for 
sodium, a platinum wire loop is dipped into a solu- 
tion of a sodium salt (e.g., sodium chloride) and then 
held in the outer flame of a Bunsen burner. As the 
temperature of the loop rises, the water evaporates 
(1.e., boils off), leaving a residue of solid salt on the 
wire and tiny particles of the salt are flung into the 
surrounding flame. These tiny particles are very rap- 
idly heated by the high temperature flame. They melt, 
vaporize and then decompose into atoms. 


As the sodium atoms collide with fast-moving mole- 
cules of the flame gases, some of the collisions cause 
a rearrangement of the electrons in the atoms. The 
electrons transition from their normal stable ar- 
rangement (described as the ground state) to a less 
stable one (described as an excited state). The unsta- 
ble electron arrangement quickly reverts to the 
ground state, either by colliding with another atom or 
molecule or by emitting a photon of light of a charac- 
teristic wavelength. In the case of a sodium atom, the 
emitted light almost always has a wavelength of ei- 
ther 589.0 or 589.6 nm, which imparts an intense or- 
ange-yellow color to the flame. 


Much the same process is required to produce the ex- 
cited emitters in any colored flame. The intensity of the 
colored light depends on the concentration of the excit- 
ed emitter species in the flame, where more excited 
emitters correspond to a more intensely colored flame. 
The concentration of the excited emitter varies with the 
temperature as a resultof several competing processes: 


1) First is the decomposition of the chemical precur- 
sor(s) to the color emitting species by collision with 
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some fast-moving gaseous molecule present in the 
flame, which is arbitrarily designated as Z (below). 
For example, if the emitter is X and the precursor is 
XY, then this reaction is: 


RY tt LCP KY EZ 


The molecule Z on the left-hand side of the reaction 
is moving faster (1.e., has more kinetic energy) than 
the same molecule Z on the right. The kinetic energy 
of molecule Z is used to break the chemical bond be- 
tween X and Y. (In the reverse process, Z can gain 
kinetic energy from the energy released by the re- 
formation of the bond between X and Y, but this is 
much less likely as it involves the simultaneous colli- 
sion of three particles.) 


The production of an abundance of the color emitter 
X is favored (1.e., the equilibrium is shifted to the 
right) by high flame temperatures (1.e., a higher kinet- 
ic energy of Z) and by high concentrations of the 
precursor XY. As a practical matter, the concentra- 
tion of X is limited by the fact that the decomposition 
of XY absorbs energy and thereby cools the flame. 


2) The next step is the excitation of the color emitter 
X by collision with another fast-moving molecule 
(again designated as Z) to form the electronically ex- 
cited emitter X*, as described by the reaction: 


X+ZOX*+Z 


Again, the molecule Z on the left-hand side is mov- 
ing faster than the same molecule Z on the right. The 
kinetic energy of Z becomes potential energy in the 
new (i.e., excited state) arrangement of electrons in 
X*. (In the reverse process, Z can gain kinetic energy 
from the rearrangement of the electrons in X* back to 
its more stable ground state arrangement of elec- 
trons.) The formation of an abundance of excited 
emitters (X*) is favored (i.e., the equilibrium is shift- 
ed to the right) by high flame temperatures. 


It is possible for there to be a loss of the excited emit- 
ter X* by its decomposition as a result of a collision 
with another fast-moving molecule (again designated 
as Z) to form the decomposition products P and Q, as 
described by the reaction: 


Dt Le Sp Pa OZ 


This destruction (i.e., loss) of the color emitter X* is 
favored (i.e., the equilibrium is shifted to the right) 
by high flame temperatures. If the emitter is a mole- 
cule, the products P and Q are most likely to be at- 
oms or smaller molecules. For example, for the red 
light emitting chemical species strontium monochlo- 
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ride in its excited electronic state [SrCl’*], the de- 
composition reaction is: 


Srcl* + ZO Sr+Cl+Z 


If the color emitter is an atom, P and Q (above) will 
be an electron and a singly charged ion. Accordingly, 
for the yellow-emitting atomic vapor of sodium (i.e., 
sodium atoms [Na]) the decomposition reaction is: 


Na* + Z€ONa' +e +Z 


In some cases, the excited emitter is produced direct- 
ly from the emitter precursor. The concentration of 
excited emitter is then greater than would be predict- 
ed from considerations of thermal equilibrium and 
the emission of light is also correspondingly greater. 
This phenomenon is known as chemiluminescence. 


3) The final step is the generation of light (i.e., a pho- 
ton) when an excited emitter spontaneously returns to 
the stable ground (i.e., unexcited) state. The energy 
difference (E) between the excited and ground states 
is manifested as a photon with a wavelength (A) cor- 
responding to that energy. 


_hve 
E 


A 


Here, / is Planck’s constant, and c is the velocity of 
light. This light emission process 1s described by the 
reaction: 


X* €> X + Photon(A) 


The reverse process is also important; it can cause the 
broadening of emission lines, as is the case for mili- 
tary illuminating flares. The atomic emissions of so- 
dium in the flame of such a flare are so broad that the 
color of the flame is not amber yellow but yellowish- 
white. 


The result of processes 1 and 2 (above) is an increased 
equilibrium population of excited emitters with in- 
creasing temperature. An increase in temperature also 
results in an increase in the decomposition of the 
emitter. An atom can decompose by losing an electron 
to become a positively charged ion, and a molecule can 
break into its constituent atoms. As a result, there is an 
optimum temperature at which the equilibrium con- 
centration of color emitters in an excited state is at a 
maximum. This optimum temperature depends on the 
specific emitter being considered, but it is often in the 
range from 2000 to 2500 °C (3600 to 4500 °F). 


Insummary, a high-quality pyrotechnic colored flame 
has little (ideally no) emission of continuous spectra, 
atomic lines or molecular bands, other than those of 
the wavelengths corresponding to the desired color. It 
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should have a high concentration of excited emitter, 
which is favored by a high concentration of emitter 
precursors and by a high (but not too high) flame 
temperature. 


Colored-flame chemistry can be divided into two are- 
as, depending on the basic nature of the colored 
flame being produced. One applies to clean-burning 
flames such as those produced by methanol in ghost 
mines (see below clean-burning colored-flame chem- 
istry). The other, more complex chemistry applies to 
typical pyrotechnic flames such as those produced by 
firework stars and flares (see below pyrotechnic col- 
ored-flame chemistry). 


clean-burning colored-flame chemistry (using 
alcohol) — In this context, clean-burning is meant to 
describe flames that, in the absence of an added emit- 
ter, are transparent and produce only weak blue light 
emissions. Both characteristics are primarily the re- 
sult of the lack of incandescing particles in the flames. 


Ina ghost mine, for example, a burning cloud of meth- 
anol droplets and methanol vapor is dispersed in the 
air by the explosion of a small charge of Black Pow- 
der. This produces a sufficiently high temperature to 
dissociate color-agent chemicals (typically ionic metal 
salts, arbitrarily designated below as MY) that have 
previously been dissolved in the methanol. This pro- 
cess was described above and is summarized below. 


MY+ZQ9M+Y+Z 


At the flame temperature, some of the metal atoms 
are raised to an excited electronic state [M*], and 
some of these spontaneously decay to their ground 
state with the emission of photons. 


M+ZoM*F+Z 
M* €>M + Photon(A) 


With proper selection of the metal, colored light can 
be produced, providing there are little or no interfer- 
ing light emissions. Possible atomic emitters are so- 
dium for yellow and lithium for red. Both are strong 
emitters, but they differ in the ease with which their 
compounds can be dissociated into atoms. Sodium 
compounds are easily dissociated, but lithium com- 
pounds are not. The dissociation of lithium com- 
pounds is suppressed in the presence of high levels of 
halogens and of hydroxyl radicals. Atomic lithium is 
not easily produced in ordinary pyrotechnic flames, 
so lithium compounds are not good flame color 
agents for such flames. In contrast, the dissociation of 
lithium compounds in methanol flames produces 
enough atomic lithium to color the flame red. 
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Methanol flames can also be colored by molecular 
emission. Green flames can be produced with boric 
acid [H3BO3], which is a source of the molecular 
emitter boron dioxide [BO2]. Boric acid is a particu- 
larly effective flame color agent for methanol flames 
because it reacts with hot methanol to form the ester 
methyl borate [B(OCHs3)3]. This boils at 68 °C, re- 
quiring very little energy to vaporize. 


H3BO3 + 3 CH30H <4 B(OCH3)3 + 3 H20 


When methyl borate burns, the green color-emitter 
boron dioxide is among the reaction products. Anoth- 
er flame color agent that works well by molecular 
emission in a methanol flame is calcium chloride 
[CaCl2]. It produces orange-red emission from calci- 
um monohydroxide [CaOH’] and calcium monochlo- 
ride [CaClI']. 


For blue colored flames, occasionally methanol alone 
(without an added flame color agent) is used. When a 
more intense blue flame color is desired, it is neces- 
sary to produce molecular copper monochloride 
[CuCl'] in the flame. This can be accomplished using 
much the same chemistry as used for blue pyrotech- 
nic flames (discussed below) using a copper salt and 
a chlorine donor. 


One set of possible color formulations (Jennings- 
White and Wilson, 1997) for clean-burning flames 
(e.g., ghost mines) is presented below for red (1), or- 
ange (2), yellow (3), green (4) and blue (5) methanol 
flames. 


Formulation — 
Ingredient | 
| 95 | 98 


Methanol 9! 


Calcium chloride © 


a) Lithium chloride [LiCl] {CAS 7447-41-8}. 

b) Calcium chloride [CaCl2] {CAS 10043-52-4}. 

c) Copper(ll) acetate [Cu(C2HsO2)2] {CAS 142-7 1-2}. 
d) Trichloromethane [CHCls] {CAS 67-66-3}. 


The hot wok is another example of the use of metha- 
nol burning with flame color agents to produce col- 
ored flames. 


pyrotechnic colored-flame chemistry — In con- 
trast to simple alcohol flames, pyrotechnic flames can 
be assumed to contain a complex and diverse range 
of chemical species. For this reason, the chemistry of 
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colored pyrotechnic flames is more complicated than 
that of clean-burning flames. The following infor- 
mation should only be considered a brief summary of 
that chemistry. 


Colored pyrotechnic flame chemistry is discussed us- 
ing strontium red flames as the principal example. 
Then the chemistry of other flame colors is presented 
in turn, primarily by discussing their differences from 
the chemistry of red flames. 


Colored flame pyrolants: A wide range of pyrolants 
(i.e., fuel and oxidizer combinations) can be used as 


the source of thermal energy in colored pyrotechnic 
flames. Many formulations use potassium perchlorate 
[KC1O,] as the oxidizer (replacing potassium chlorate 
for safety reasons) and an organic fuel such as red gum 
in a quantity close to the minimum required to con- 
sume all the oxygen from the potassium perchlorate. 


To increase the thermal output, a metal fuel (com- 
monly magnalium) in the range from 5 to 15% may 
be included. A result of the increased energy produc- 
tion is that larger quantities of flame color agents and 
chlorine donors can be used in metal-fueled colored- 
flame compositions. Another benefit can be an in- 
creased flame temperature, which results in more in- 
tense emission of light. 


An interesting and effective alternative to the typical 
colored flame pyrolant compositions is the use of 
propellants. One example is colored composite stars 
(see star (star formulations)). These use a common 
composite rocket propellant (based on ammonium 
perchlorate) and a relatively small amount of flame 
color agent, without an additional chlorine donor. 
Another example, used in some highly effective 
proximate audience pyrotechnics, is based on nitro- 
cellulose, again allowing the use of a relatively small 
quantity of flame color agent. 


Red_ pyrotechnic flames: The atomic emissions of 
strontium are weak and in the blue (not red) portion 
of the color spectrum (see light spectrum (visible spec- 
trum)). The molecular free radical strontium mono- 
chloride [SrCl'] is the preferred color emitter for red 
flames (having a dominant wavelength of 636 nm 
and 100% color purity). (See color measurement 
(dominant wavelength) and (color purity).) Molecular 
strontium monochloride is not available as a flame 
color agent, and it must be chemically produced in 
the pyrotechnic flame. The first step in this process is 
the thermal decomposition of the flame color agent, 
for example strontium carbonate [SrCO3], to produce 
strontium oxide [SrO]. 


SrCO xs) + heat > SrOvs) + COrxg) 
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This process is expected to occur in the solid state, as 
the fire-front propagates into the unreacted composi- 
tion. Strontium oxide is a refractory substance having 
a melting point of 2430 °C and a boiling point of 
~3000 °C. Its transport into the flame gases is facili- 
tated by reactions such as: 


SrOis) + 2 Cl'(g) <S SrChlrg) + Org) 
and/or 


SrOis) + 2 HCl) <> SrClyg) + HOG) 


In these reactions, the atomic chlorine [Cl'] and/or the 
hydrogen chloride [HCI] arise from the decomposi- 
tion of a chlorine donor. These reactions are favored 
because the volatile strontium dichloride [SrCl2] (melt- 
ing point 874 °C and boiling point 1250 °C) escapes 
from the reaction zone as a gas, forcing the above 
equilibria to the right. 


Once in the flame, gaseous strontium dichloride be- 
comes involved in various chemical reactions (i.e., 
equilibria) that lead to the formation of a steady state 
population of electronically excited strontium mono- 
chloride radicals [SrCl*] in the flame. 


SrCl, <9 various <> SrCl"™* 


The spontaneous return of excited strontium mono- 
chloride radicals to their stable (i.e., ground) elec- 
tronic state results in the emission of photons having 
characteristic energies that we perceive as red light. 


SrCl’* <> SrCl° + Photon(A) 


Most red flame compositions include fuels that pro- 
duce water vapor as a product, so some of the stronti- 
um dichloride reacts to form molecules of the free 
radical strontium monohydroxide [SrOH’]. 


SrClag) + HO) <> SrOH(g) + 2 HCkg) 


While the strontium monohydroxide is an acceptable 
flame color emitter for red flames, its color is more 
orangish-red than red. The color quality is improved 
when the strontium monohydroxide can react with a 
source of atomic chlorine to form the preferred emit- 
ter, strontium monochloride [SrCl’]. 


SrOH(g) + Clg) > SrCl(g) + OH'(g) 


An example of a source of atomic chlorine [CI’] in 
the flame is the reaction between hexachloro-ethane 
[C2Cl6] (a chlorine donor) and potassium perchlorate 
[KC1O,]. 


C2Cle + KClIO4s > KCl + 2 CO2 + 6 CI 
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As an alternative, strontium oxide can also react with 
hydrogen chloride [HCl] to form the monochloride 
directly: 


SrO + HCl > SrCl’ + OH" 


An example of a flame reaction producing hydrogen 
chloride is that between the chlorine donor polyvinyl- 
chloride (PVC) [(-CH2CHCI-);] and potassium per- 
chlorate: 


4 (-CH2CHCI-), + 5KCIO, > 
5 KCl + 8CO: + 4H2O + 4 HCl 


Another way to produce hydrogen chloride in a pyro- 
technic flame is to use ammonium perchlorate 
[NH4C10O,] as the oxidizer. 


Thermochemical modeling of typical red flame com- 
positions shows that most of the strontium is present 
in the flame as the gaseous dichloride [SrCl2]. In 
these compositions, too much chlorine donor can ac- 
tually suppress the formation of the color emitter by 
displacing the equilibrium (below) to the left. 


SrClog) + heat <> SrCl'(g) + Clg) 


Such compositions should be designed to burn at as 
high a temperature as possible, because a high tem- 
perature promotes the formation of strontium mono- 
chloride by the decomposition of strontium dichlo- 
ride. It also promotes the formation of the excited 
state of strontium monochloride that emits the pre- 
ferred red colored light. Any decomposition of stron- 
tium monochloride at the higher temperature is more 
than compensated for by the decomposition of stron- 
tium dichloride, which re-generates more strontium 
monochloride. 


Two spectra are presented below, one (upper) is for a 
high-quality red star and the other is for strontium 
monochloride, the preferred red color emitter. 


Red Star 
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These two spectra are almost identical, except fora few 
extra emission bands of modest intensity in the range 
from 580 to 630 nm and a low-level continuum down to 
approximately 460 nm. The extra emission bands con- 
tribute some orange to the flame, shifting the flame 
color slightly away from the reddest red toward orange. 
These bands come from strontium monohydroxide, 
calcium monochloride and atomic sodium; the last two 
emitters arise from impurities (calcium compounds 
and sodium salts) in the ingredients. The low-level 
continuum has the effect of reducing the purity of the 
red flame slightly and originates from a variety of weak 
sources in the flame. 


Orange pyrotechnic flames: The chemistry of orange 
flames, produced using calcium salts, is like that for 
strontium red flames. In this case calcium monohy- 
droxide [CaOH’] (dominant wavelength 600 nm and 
100% color purity) is the preferred emitter, as it gives a 
more orange color than calcium monochloride [CaCl’] 
(dominant wavelength 609 nm). Accordingly, the use 
of a chlorine donor is desirable only to facilitate the 
volatilization of calcium compounds into the flame, 
and it is undesirable to the extent that the presence of 
chlorine favors the formation of calcium monochlo- 
ride. In practice, the chlorine in the perchlorate oxi- 
dizer is usually sufficient to achieve adequate con- 
centrations of chlorine compounds in the flame and 
an additional source of chlorine is not required. 


As an effective alternative, orange flames can be pro- 
duced using compositions that produce a combination 
of non-orange flame emitters. In one example, both 
strontium monochloride (dominant wavelength 636 
nm and 100% color purity) and barium monochloride 
(dominant wavelength 522 nm and 96% color purity) 
are produced. By varying the ratio of these red and 
green emitters (accomplished by varying the ratios of 
the two flame color agents used to produce them) any 
shade of flame color from greenish yellow to orange 
red can be produced (see color mixing laws, additive). 
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Green pyrotechnic flames: The chemistry of green 
flames, produced using barium salts, is very similar to 
that for strontium red flames. Here again barium mon- 
ochloride [BaCl'] (dominant wavelength 522 nm and 
96% color purity) is preferred over barium monohy- 
droxide [BaOH"] (dominant wavelength 507 nm and 
80% color purity). While the dominant wavelength of 
barium monohydroxide emissions would likely be 
preferred as a slightly better green color (although 
somewhat blue green) over the slightly yellowish 
green of the monochloride, the preference for the mon- 
ochloride is based on other factors. 1) The monochlo- 
ride has greater purity. 2) In the absence of a chlorine 
donor, the dominant emitter is not, unfortunately, 
barium monohydroxide but rather barium oxide 
[BaO], which emits over a wide range of wavelengths 
producing a white flame with only a slight green cast. 


Blue pyrotechnic flames: The typical chemistry of blue 
flames produced using copper salts is somewhat dif- 
ferent from that of strontium red flames. Here, cop- 
per monochloride [CuCI’] (dominant wavelength 465 
nm and 88% color purity) is the greatly preferred 
emitter over copper monohydroxide [CuOH’]. This is 
because the emissions of the monohydroxide are not 
blue at all, but yellowish green. 


Copper monochloride, unlike the alkaline earth metal 
monochlorides, is not a free radical in its ground 
state. The copper atom in the ground state has a com- 
pleted d-shell (see guantum theory). The single elec- 
tron in its outer shell is shared with the chlorine atom 
to form a normal copper(I) chloride molecule, with 
no unpaired electrons. In the excited electronic state, 
one of the electrons from copper’s d-shell is promoted 
to the outer shell, just as in normal copper(II) com- 
pounds. This excited state is a free radical, with two 
unpaired electrons, one in the d-shell of the copper 
atom and another in a copper monochloride molecular 
orbital. When this latter unpaired electron falls back in- 
to the d-shell of the copper atom (as the ground state of 
the copper monochloride molecule) the excess energy 
is manifested as the desired blue flame emission bands. 


Another difference between copper’s blue flame chem- 
istry and that of strontium’s red chemistry, is that the 
copper is volatilized into the flame as species such as 
Cu3Cl3 or perhaps more likely, as mixed-halide com- 
plexes such as K2CuCl3 and KCu2Cls. (The analogous 
sodium compounds have been shown to be the relevant 
species in the metallurgical TORCO process for the 
treatment of copper ore. These species are volatile 
above ~830 °C.) They readily decompose in the flame, 
and the resulting copper monochloride molecules be- 
come involved in various chemical reactions (i.e., 
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equilibria) that lead to the formation of a steady state 
population of electronically excited copper mono- 
chloride radicals [CuCle] 


One complication regarding the production of bright 
blue flames is that the color species (i.e., copper 
monochloride) tends to decompose at the high tem- 
peratures that would otherwise be preferred. The 
monochlorides of strontium, calctum and barium sim- 
ilarly decompose at high temperatures, but this is off- 
set by the presence of high concentrations of the met- 
al dichlorides in the flame. The decomposition of 
these dichlorides more than compensates for the de- 
composition of the monochlorides. In contrast, cop- 
per dichloride readily decomposes on heating to tem- 
peratures above ~300 °C, so it is not present in 
flames. Thermochemical modeling of blue flame 
compositions predicts that most of the copper is pre- 
sent as copper vapor. In these compositions, a high 
concentration of chlorine donor is desirable because 
it favors the formation of copper monochloride. 


Cu) + Cle) <2 CuCl) 


For copper-blue flames, on the one hand, a high tem- 
perature is desirable because it favors the excitation 
of copper monochloride. On the other hand, it is un- 
desirable because it favors the decomposition of cop- 
per monochloride. Attempts to make a really intense 
blue flame by increasing the temperature to levels 
that are effective with red and green flames only re- 
sult in a disappointingly pale (i.e., low purity) color. 
This is because the decomposition of copper mono- 
chloride outweighs the effect of its increased excita- 
tion, and there is no ‘reservoir’ of copper dichloride 
[CuCl] in the flame to replace it. 


A further complication in the production of blue 
flames is that CuCl can be oxidized to copper monox- 
ide gas [CuO] in the outer regions of the flame. This 
species emits red light, producing a red-tipped flame 
that can appear purple from a distance. The effect can 
be reduced by incorporating accessory fuels (see fue/) 
such as stearic acid in the composition, thus reducing 
the oxygen concentration in the flame tips. 


While CuBr and Cul have been shown to produce blue 
and bluish green pyrotechnic flames, these emitters 
have the disadvantage that chemicals containing bro- 
mine or iodine are much more expensive than the cor- 
responding chlorine chemicals. Accordingly, commer- 
cial application of these emitters is unlikely. 


Purple flame chemistry: There is no single flame col- 
or agent useful in producing purple flames, but purple 
flames can be produced using compositions that pro- 
duce a combination of non-purple flame emitters. For 
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example, a combination of both strontium monochlo- 
ride (dominant wavelength 636 nm and 100% color 
purity) and copper monochloride (dominant wave- 
length 465 nm and 92% color purity) can be used to 
produce emissions perceived as purple. (See color 
mixing laws, additive.) In addition, by varying the ra- 
tio of these red and blue emitters (accomplished by 
varying the ratios of the two flame color agents used 
to produce them) any of a wide range of flame colors, 
from violet blue to purplish red, can be produced. 


White flame chemistry: White pyrotechnic flames can 
be produced in much the same way as white is pro- 
duced on acolor TV screen (i.e., by combining sources 
of red, green and blue light). Mixtures of compatible 
red, green and blue compositions can produce good 
white flames, and they have the advantage that their 
brightness is similar to that of the parent colored- 
flame compositions. This is important in lancework 
and in displays of mixed-color stars, such as might be 
required in patriotic displays of the red, white and 
blue in the flags of Britain, France and the United 
States, and of the red, white and green of Italy. 


Historically, white flame compositions pre-dated the 
other color compositions by centuries. The earliest 
ones were based on mixtures of potassium nitrate and 
sulfur, with the addition of a small percentage of 
charcoal (often as Black Powder) to improve its ignit- 
ability. The intense white color of these flames arises 
from the chemiluminescent molecular band emission 
from sulfur-oxygen species in the flame, superimposed 
on the intense deep-red emission from atomic potassi- 
um. 


Other early white flame compositions (e.g., see Ben- 
gal (Bengal fire), blue light and Indian fire) included 
arsenic(II) sulfide, arsenic(III) sulfide, antimony(IID) 
sulfide or elemental antimony, as well as potassium 
nitrate and sulfur. These improved the ignitability of 
the mixture, and molecular emission bands from the 
gaseous arsenic monoxide and antimony monoxide 
were added to the spectrum. Compositions were pro- 
posed in which fresh quicklime (i.e., calctum oxide) 
was included, apparently to enhance the brightness by 
candoluminescence from calcium oxide, as in the then 
well-known limelight. Claims were made for the ex- 
ceptional effectiveness of these compositions, but they 
would have been unstable in storage because of the ex- 
othermic reaction of calcium oxide with moist air. 


Some early white compositions included white lead 
[(PbCO3)2°Pb(OH)2] or lead(II,JI,TV) oxide, which 
would have contributed emission bands from lead 
monoxide. The ability of lead compounds to color 
flames white is demonstrated by some white flame 
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formulations published in the 19" century. Lead(II) 
nitrate was used in these compositions in the same 
way as strontium nitrate was used in a red formula- 
tion and barium nitrate in a green, acting as a com- 
bined oxidizer and flame color agent. 


White flame compositions of great brightness can be 
made using magnesium or aluminum instead of the 
arsenic and antimony compounds in potassium ni- 
trate-sulfur compositions. The temperature of the 
flames of these compositions is so high that incan- 
descent emission from solid or liquid magnesium or 
aluminum oxide particles contributes substantially to 
the spectrum. This is in addition to molecular emis- 
sion from gaseous magnesium oxide or aluminum 
monoxide and possibly candoluminescent emissions 
from solid metal oxide particles. 


Replacement of some or all the potassium nitrate 
with barium nitrate introduces intense incandescent 
emissions from solid barium oxide particles and 
greenish molecular emissions from gaseous barium 
oxide. Intensely bright white flames can be produced 
by fuel-rich mixtures of barium nitrate and magnesi- 
um or aluminum. Less intense whites can be made 
with potassium chlorate or potassium perchlorate in 
combination with organic fuels such as red gum or 
shellac, with barium nitrate as a flame color agent. In 
the absence of chlorine donors, a white color is pro- 
duced from the combination of the greenish-white 
emissions from gaseous barium oxide, the deep red 
from atomic potassium and bluish-violet from the 
chemiluminescent reaction between potassium [K] 
and hydroxide free radicles [OH’] to produce potassi- 
um hydroxide [KOH]: 


Kg) + OH(g) > KOH) + photon 


Other white flame compositions have included ele- 
mental silicon. This presumably contributes relatively 
high temperature gray-body emissions from liquid 
particles of silicon dioxide, since the combustion of 
silicon produces no significant atomic or molecular 
emissions in the visible region of the spectrum. Other 
white flame compositions have included calcium sili- 
cide, which would introduce particulate calcium sili- 
cates (e.g., CaSi03), calcium oxide (CaO) and silicon 
dioxide into the flame. The presence of chemically 
generated calcium oxide might have the same effect 
as the fresh quicklime proposed as an additive to 
white flame compositions a century and a half ago. 


Yellow pyrotechnic flames: The chemistry of most 
yellow flames is substantially different from that of 


strontium red flames. This is because the color pro- 
ducing species is not a molecular emitter, but rather 
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the atomic emitter sodium (dominant wavelength 589 
nm and 100% color purity). A minor difficulty with 
the emissions from atomic sodium is that the color is 
actually orangish-yellow. 


Atomic sodium is such a powerful emitter that about 
all that is necessary to produce intense flame emis- 
sions is to include at least amodest amount of a sodium 
compound in the formulation. The difficulty is that 
many potential flame color agents are either hygro- 
scopic or can react (in the presence of moisture) with 
other ingredients to form hygroscopic compounds. 


The alternative method to orange flame production 
(discussed above) can also be used to produce more 
truly yellow flames. This is accomplished using com- 
positions that produce a combination of non-yellow 
flame emitters. In one example, calcium monochloride 
(dominant wavelength 609 nm and 100% color puri- 
ty) and barium monochloride (dominant wavelength 
522 nm and 96% color purity) are produced. By vary- 
ing the ratio of these orangish-red and green emitters 
(accomplished by varying the ratios of the two flame 
color agents used to produce them) any shade of yel- 
low flame color can be produced (see color mixing 
laws, additive). The flames produced by such compo- 
sitions can be aesthetically more pleasing than the 
almost monochromatic flames produced by sodium. 


Dual-purpose_ chemical components: Colored-flame 
compositions consist of two groups of ingredients. 
One group is from the pyrolant (i.e., the mixture of 
fuel(s) and oxidizer(s)), which produces the thermal 
energy for efficient light production. The other group 
of ingredients mostly consists of the flame color 
agent(s), chlorine donor, usually a binder and possi- 
bly spark producers. 


Many non-pyrolant ingredients consume energy in 
ways that do not contribute directly to light production. 
For example, carbonate [CO3*] or oxalate [C2O.° ] 
flame color agents must first decompose to oxides, and 
they consume thermal energy in the process. For ex- 
ample: 


SrCO3 + heat > SrO + CO2 


Similarly, while many chlorine donors have fuel val- 
ue, they are much less-effective fuels than those in 
the pyrolant. To avoid excessive cooling of the flame, 
the amount of color producing agent and chlorine do- 
nor will have to be less than would otherwise be op- 
timum. This has the effect of reducing the purity of 
the flame colors produced. 


One partial solution to this problem is to use compo- 
nents in the colored-flame composition that serve a 


Encyclopedic Dictionary of Pyrotechnics 


dual purpose. For example, when strontium nitrate 
[Sr(NO3)2] is used as the flame color agent in place of 
strontium carbonate, it also serves as the oxidizer (or a 
portion of the oxidizer). In this way, instead of consum- 
ing energy, energy is generated in the process of pro- 
ducing strontium oxide (the starting chemical for pro- 
ducing the red color emitter strontium monochloride). 


Sr(NO3)2 + fuel > SrO + heat + products 


Other examples of ingredients that serve a dual- 
purpose include strontium benzoate, which acts as both 
flame color agent and fuel, and ammonium perchlo- 
rate, which acts as both oxidizer and chlorine donor. 


Quadruple-purpose_ chemical component: It is most 
unusual for a single compound to combine the roles of 


fuel, oxidant, color agent and chlorine donor, but in 
1964 American pyrotechnist Bernard E. Douda (b. 
1930) disclosed (in US Patent 3,296,045) such a com- 
pound. This compound (tris(glycine) strontium(II)per- 
chlorate) [Sr(C2HsNO2)3(C1O4)2)] was made by react- 
ing 3 moles of glycine (amino acetic acid, [C2HsNOp], 
{CAS 56-40-6}, structural formula on the right) with 1 
mole of strontium(II) perchlorate ([Sr(ClO4)2] {CAS 
13450-97-0}) in aqueous solution. 


It is a white, crystalline solid that burns with a red 
flame. Douda (1964) proposed its use as an ingredient 
in red signal flares. Although Douda found that this 
compound was safe to handle, extreme caution is ap- 
propriate when dealing with such materials; other 
compounds that contain organic groups and perchlo- 
rate ion are highly sensitive and powerful explosives. 


Choice of metal fuel: Metal fuels produce more ther- 
mal energy than typical organic fuels. Thus, one way of 
allowing the use of larger quantities of flame color 
agent and chlorine donor in colored-flame composi- 
tions is to include some reactive metal fuel in the 
composition. 


The most common metal fuels for colored-flame 
compositions are aluminum [AI], magnesium [Mg] 
and their alloy magnalium [Mg/Al] (usually the 50:50 
alloy is used in fireworks). The properties and per- 
formance of these metals in colored-flame composi- 
tions are far from being equal. The ranking of these 
metals according to their safety during processing 
and storage, their convenience of use and their per- 
formance in richly colored-flame compositions is 
presented below. 


Al > Mg/Al > Mg 


g 


Performance |Mg > Mg/Al > Al 
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Aluminum metal is preferred for 
safety because of its robust alu- 
minum oxide coating that forms 
almost immediately on its surface 
when exposed to air. This coating substantially pas- 
sivates the particles of aluminum, limiting their po- 
tential for adverse chemical reactions from moisture 
and their accidental ignition from mechanical stimuli. 
Magnalium, in alloys with at least 30% aluminum, 
benefits from a lesser but still reasonably effective 
oxide coating. Although magnesium oxidizes, the re- 
sulting oxide coating is substantially ineffective in 
limiting adverse chemical reactions, including further 
oxidization, reactions with atmospheric moisture and 
accidental ignitions during processing. Thus, the 
safety ranking for the metals is Al is better than 
Mg/AI, which is better than Mg. 


The lack of an effective oxide coating on magnesium 
and a less effective coating on magnalium (compared 
with aluminum) establishes the ranking of these two 
metals for convenience of use. This is because of the 
necessity to adopt different strategies to achieve rea- 
sonable safety and long shelf life in their use. For 
magnesium, it is necessary to provide a coating on 
the metal particles and/or to use non-aqueous binding 
methods. A reasonably effective coating can be pro- 
duced using linseed oil, nitrocellulose or a chromate 
conversion coating. Non-aqueous binding based on 
Parlon, epoxy or polyester resins can also be effective 
in providing magnesium with resistance to moisture. 


For the 50:50 alloy of magnalium, many firework 
manufacturers choose to rely on the limited oxide 
coating that occurs naturally. When long-term storage 
(especially under potentially adverse conditions) must 
be considered, or when the percentage of aluminum 
is less than 50%, it is necessary to use passivating 
measures similar to those used with magnesium. For 
aluminum, the most extreme measure normally taken 
to ensure its passivation is to add a fraction of a per- 
cent of boric acid to compositions. Thus, the conven- 
ience ranking for the metals is Al is better than 
Mg/AI, which is better than Mg. 


Unfortunately, the ranking (Mg is better than Mg/Al, 
which is better than Al) for their performance in col- 
ored-flame compositions is reversed from their rank- 
ing for safety and convenience. The reason is directly 
related to the metal oxides formed as they burn. 
These are magnesium oxide [MgO] and aluminum 
oxide [AlO3]. Both are refractory materials, with 
boiling points well above the flame temperatures of 
colored pyrotechnic flames. Accordingly, when either 
of these metals (or their alloys) is used, oxide parti- 
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cles will potentially be present to strongly incandesce 
in the flame. If that is allowed, the emitted yellowish- 
white light will significantly reduce the purity of the 
colored light intended to be produced by the flame. 


Fortunately, for magnesium at least, the incandescing 
oxide particles can easily be eliminated. This is ac- 
complished in two ways. At temperatures above ap- 
proximately 1950 °C, a reaction occurs between solid 
magnesium oxide and solid carbon particles: 


MgO) + Co) > Mgig) + CO) 


This reaction has two desirable results. Not only does 
it remove the incandescing magnesium oxide parti- 
cles from the flame, it also eliminates incandescing 
carbon particles produced by the incomplete combus- 
tion of organic fuels. 


Incandescing magnesium oxide can also be removed 
from the flame by its reaction with the hydrogen 
chloride produced by many chlorine donors and by 
the oxidizer ammonium perchlorate: 


MgO) + 2 HClg) > MgClog) + H2O0¢g) 


This is effective because at the temperature of col- 
ored flames, the magnesium chloride [MgCl] (boil- 
ing point approximately 1400 °C) remains vaporized. 


Unfortunately, while aluminum oxide [Al2O3] can un- 
dergo similar reactions, they are much less effective, 
mainly because they can produce aluminum monox- 
ide gas [AIO’], which is an emitter of white light. 


The net result is that, while flames using magnesium 
as a fuel can produce highly pure colors, flames using 
aluminum produce substantially less pure colors be- 
cause of competing incandescence and deleterious 
molecular emission. Flames using magnalium will 
produce color purities in between, with the maximum 
possible color purity being determined by the percent- 
age of aluminum present. The best magnalium-fueled 
colored flames are achieved with the 65:35 alloy 
(commonly used in some military signal flares). The 
less expensive and more readily available 50:50 alloy 
used in fireworks produces acceptable colors, especial- 
ly in comparison with those using straight aluminum. It 
is a reasonable compromise between safety and con- 
venience on one hand and performance on the other. 


When the performance of color compositions contain- 
ing magnalium are visually compared with colored- 
flame compositions without metal powders, the in- 
creased brightness of the magnalium-colored flame is 
generally thought to substantially outweigh the some- 
what diminished color purity. Thus, the colored stars 
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currently being manufactured usually contain at least 
some magnalium. 


Blended flame colors: Once a compatible set of high 
color-purity flame compositions has been developed 
for the primary colors (red, green and blue, and pos- 
sibly also either orange or yellow) these compositions 
can be combined to make a great variety of compo- 
site colors. (See color measurement (color purity) 
and (composite color).) (For background information 
on this subject, see color mixing laws, additive.) The 
compositions must be chemically compatible to avoid 
producing hazardous chemical combinations or com- 
binations that interfere with the color production of 
one or more of the individual compositions. 


One set of compatible firework compositions (Veline, 
1989) is presented below for red (1), orange (2), 
green (3) and blue (4) stars. 


Magnalium ( 


By blending these four base compositions, a wide 
range of composite colors can be produced, a few of 
which are presented below. 


Parts by Weight 
of above Formulations 


[New Color: | 


Past_and future improvements in flame color: Great 
improvements in the purity of flame colors (especial- 
ly in fireworks) have occurred over the past 30 to 50 
years. Firework stars using high-quality (1.e., high 
color purity) formulations typical of the middle to 
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late-20" century were evaluated spectroscopically to 
establish their color points. The best of these color 
points is presented in the chromaticity diagram be- 
low, as the corners of the smaller inner quadrangle 
labeled ‘traditional’. (See color measurement (color 
point) and (chromaticity diagram).) While these look 
quite poor in comparison to the spectral colors found 
on or near the outer border of the chromaticity dia- 
gram, in the dark and with no pure spectral light 
sources for comparison, these colors are perceived as 
being reasonably good. Further, by blending compat- 
ible color compositions, any of the colors within the 
‘traditional’ quadrangle can be produced. 


BaCl 
Limit of Possibilities 


‘Best-Yet’ Formulations 


‘Traditional’ 


SrCl 


The color points for the formulations producing what 
are approximately the current highest-quality colored 
flames (i.e., colored composite star compositions, see 
star (star formulations)) are presented on the chroma- 
ticity diagram labeled ‘best yet’. There has been a 
small improvement in the color purity of red, by a 
significant shift in dominant wavelength away from 
orangish-red toward red. Green has been substantially 
improved in both purity and dominant wavelength 
(away from yellowish-green toward green). Blue has 
been substantially improved because of an increase in 
purity (with almost no change in dominant wave- 
length). By blending compatible color compositions, 
any of the colors within the ‘best yet’ quadrangle can 
be produced. 


Theoretically, the best colors would be those pro- 
duced exclusively by the emissions of the monochlo- 
rides of strontium, barium and copper, and the atomic 
emissions of sodium. These are shown in the chroma- 
ticity diagram within the quadrangle labeled ‘limit of 
possibilities’. While reaching this limit is impossible, 
further improvement may reasonably be expected to 
occur, especially since color perception is a subjec- 
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tive response to the external light stimulus. By learn- 
ing more about how the human brain constructs the 
sensation of color from these external stimuli, it may 
well be possible to make substantial improvements in 
those colors as perceived by an observer. 


COLORED-FLAME EFFECT, LIQUID — See liquid col- 
ored-flame effect and hot wok. 


COLORED-FLAME EFFECT, SOLID — See flame pro- 
Jector. 


COLORED-FLAME PROJECTION SYSTEM — See liquid 
colored-flame effect. 


COLORED FLASH POWDER - See flash powder type. 
COLORED GERB - See gerb. 
COLORED HEART — See heart. 


COLORED LANCE FORMULATION -— See lance com- 
position. 


COLORED LIGHT — See /ight spectrum (visible spec- 
trum). 


COLORED MATCH - See Bengal (Bengal match). 
COLORED POT -— See color pot. 

COLORED SMOKE - See smoke, colored. 
COLORED SPARKLER — See sparkler. 


COLORED STAR and COLORED STAR FORMULA- 
TION — See star (star formulation). 


COLORED TAIL — See tail. 


COLOR EFFECT (fireworks) — A visual pyrotechnic 
effect, usually produced by burning pyrotechnic 
compositions. In fireworks, white effects may also be 
considered a color effect. 


COLOR EMITTER (flame) — (Also flame color species) 
— The chemical entities in a flame that are responsible 
for the emission of colored light. 


For clean-burning, non-pyrotechnic flames, such as 
in ghost mines (produced using methanol), red and 
yellow flames can be produced using the atomic 
emitters of lithium and sodium, respectively. Green 
flames can be produced using boric acid to generate 
the molecular emitter boron dioxide [BO2]. Orange 
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flames can be produced using calcium compounds to 
generate the molecular emitter calcium monohydrox- 
ide [CaOH’]. Blue flames are the normal result of 
clean-burning fuels such as methanol. The blue color 
can be greatly enhanced by using a copper compound 
and a chlorine donor. (See colored-flame chemistry). 


For pyrotechnic flames, the atomic emitter sodium is 
almost too effective, as its presence as an impurity in 
commercial chemicals results in orange-yellow light 
being present in almost all pyrotechnic flames. In 
contrast, lithium cannot be produced in sufficient 
concentrations to be an effective color emitter in 
conventional pyrotechnic flames, and the molecular 
emitter boron dioxide is too weak to compete with 
the other color emitters in conventional pyrotechnic 
flames. The emitters commonly used to make colored 
pyrotechnic flames are presented below. Almost all 
these emitters must be created in the flame during the 
burning process, see colored-flame chemistry. The 
dominant wavelength and color purity, for the flame 
color emitters are also presented. (See color meas- 
urement (dominant wavelength) and (color purity).) 


Wave- 
Color | length ©) 
Emitted Color Emitter 


a) The color emitters with a superscript dot (e.g., SrCI") are 
molecular free radicals. 


b) Dominant wavelength of the composite color produced 
by the emissions of the color emitter. 


c) The colors become progressively more orange as dom- 
inant wavelength decreases. 


d) The emission band is too weak to be useful. 


Detailed information on these color emitters, includ- 
ing their spectral band intensities, can be found in the 
individual entries for those color emitters (e.g., see 
strontium monochloride [SrCI'] and barium monohy- 
droxide [BaOH’]). In most cases, it is the monochlo- 
ride that produces the most desirable color emissions. 
This is the reason that chlorine donors, acting as 
flame color enhancers, are commonly used. 


The color points for the above series of color emitters 
are presented on the chromaticity diagram below. 
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(See color measurement (chromaticity diagram) and 
(color point).) 


520 BaCl° 


One problem in producing pyrotechnic flames of high 
color purity is that many unintended light emitters are 
present in the flames. Each of these emitters contrib- 
utes to the final color (see color mixing laws, additive) 
and most act to weaken the purity of the desired color. 


COLOR ENHANCER - See chlorine donor. 


COLOR FLAME CHEMISTRY — See colored-flame 
chemistry. 


COLOR FLAME PURITY — See color measurement 
(color purity). 


COLORFUL BIRD (fireworks) — A type of small, spin- 
stabilized rocket of Chinese origin made as a con- 
sumer firework. (See firework rocket type, basic.) 
When ignited on a smooth, level surface, Colorful 
Birds make a distinctive humming sound as they take 
off nearly vertically and fly in a reasonably con- 
trolled manner to a height of 100 feet (30 m) or more. 


Although appearing and performing somewhat like a 
hummer, it is properly classed as a spin-stabilized 
rocket because of its design and flight characteristics. 
The device commonly has two exhaust vent holes, 
one on the side through which its ignition fuse enters, 
and one on bottom that is initially covered with tissue 
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paper (shown removed in the above image). The side 
exhaust hole is tangential to the inside of the device 
wall and provides the thrust to spin the device rapidly 
on its longitudinal axis, Also, because the side ex- 
haust hole is commonly angled toward the end of the 
device, it provides thrust to propel the device upward. 
The central exhaust hole in the bottom end of the 
item is provided for the purpose of producing addi- 
tional upward propulsive thrust. The approximate 
configuration of the two exhaust vent holes is illus- 
trated below. 


Direction 
of Motion 


B 
D —E 
Cc 
Cc 
B 5 
End A D 


bl Side View 
In these illustrations, A is the paper tube of the de- 
vice, the Bs are clay end plugs, C is the device’s tan- 
gential exhaust vent angled toward its bottom end, D 
is the its central vent in its bottom end and E is the 
pyrotechnic composition(s) in the device. 


The initial fiercely burning composition is used to in- 
itiate flight and typically is a modified Black Powder 
type of force and spark composition. A Colorful Bird 
typically produces one or two different flame colors 
as it ascends. (In the cross-sectional illustration be- 


Clay End Plug 


Colored Composition 2 
Colored Composition 1 


Fierce-Burning 
Composition 


Clay Nozzle 


Exhaust Hole 


Because of its rapid spinning, the jet of combustion 
gas from the side (tangential) exhaust vent produces 
the humming sound as it ascends. Also, because the 
device first begins to spin rapidly before it lifts into 
the air, its trajectory is relatively vertical and reason- 
able well controlled. 


In testing, it was found that the above type of Colorful 
Bird often will operate similarly even if its central ex- 
haust hole is completely sealed. Thus, there is another 
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(although less common) type of Colorful Bird-like 
devices that are manufactured without any central 
exhaust hole. For these devices, the side vent pro- 
vides both spin stabilization and upward propulsion. 


COLORFUL WHEEL -— See wheel type. 


COLORIMETRY — The branch of color science that 
quantifies and describes human color perception. 


COLOR INTENSIFIER — See chlorine donor. 


COLOR MEASUREMENT - The color of emitted light, 
such as from flames, can be completely specified by 
stating the color purity and dominant wavelength of 
its corresponding color point on a chromaticity dia- 
gram. Several terms associated with color measure- 
ment are explained below; related terms, which are 
defined elsewhere in this text, are italicized. 


chromaticity diagram — A two-dimensional psy- 
chophysical mapping of the subjective human re- 
sponses to colored light, established by the 1931 In- 
ternational Commission on I/!umination. 


The chromaticity diagram provides a convenient 
method to understand the relationship between spec- 
tral colors and composite colors. It is also useful in 
visualizing the additive color mixing laws. The first 
of the two chromaticity diagrams below illustrates the 
overall appearance of the diagram and the second de- 
scribes the various color regions in words. 


CIE 1931-2° 
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CIE 1931-2° 


Value 


: U/\ 
0.4 
Yellowish Orange 0.2 
0 i = 


Co "380 430 480 530 580 630 680 730 
ooee Wavelength (nm) 


e Next, calculate the tristimulus values (X, Y and Z) for 
the spectra. This is simply the summing of the three 
color-matched spectra, channel by channel (i.e., 
wavelength by wavelength) over the range of wave- 
lengths in the spectra. 


e Finally, calculate the three color-point coordinates (x, 
y, and z) using the three equations presented below. 
The colors in the chromaticity diagram grade continu- 


ously from one into another. The lines separating the x= 2 
colors suggest the approximate limits of various colors X+Y+Z 
as would be described by a typical human observer. 4 
The X-axis is the fraction ofa primary red color, and the = X+Y4+Z 
Y-axis is the fraction of a primary green color. Speci- Zz 


fying the fractions of two of the three primary colors pi Se, 
is adequate to define the ratio of all three primary AY SZ 


colors because their sum must equal one (1). Thus: 
e An optional additional step is to plot the color point 


Blue fraction = on a chromaticity diagram by using the x and y color 


1 — (Red fraction + Green fraction) point coordinates. 
color point — The location on a chromaticity diagram The color point for a combination of light sources, 
corresponding to a light source under investigation. each with known color points, can be determined us- 
The color point for a light source, such as a colored ing the additive color mixing laws. 
pyrotechnic flame, can be determined quantitatively color purity — That property of colored light relat- 
with the values from a visible light spectrometer and ing to the depth or richness of color, with spectral 
the use of some basic mathematics. colors (see below) having the greatest purity (100%) 


and white light having the least color purity (0%). 
e First, record the spectrum of the light source and ap- 


ply any needed corrections. (Typically, calibration data 
will be used to correct for spectral intensity as a func- 
tion of wavelength.) The result will be a data file of 
intensity as a function of wavelength. 


Using a chromaticity diagram, color purity is deter- 
mined by drawing a straight line from the color point 
for Iluminant C (white) (see CIE illuminant) through 
the color point of interest (e.g., Q and R in the illus- 
tration below) to the line of spectral colors (i.e., the 
outer border of the diagram). The purity of that color 
point is the percentage of the distance toward the 
spectral color it is along this line. The color points Q 


e Next, multiply the spectral data file by each of the 
three CIE color matching functions (x:, ya, and z,) as 
a function of wavelength, as presented below. (This 


is facilitated by using published tables of the three- and R thus have purities of approximately oS and 
color matching functions as a function of wave- 90%, respectively, because they lay 65 and 90% of 
length.) the distance to their respective spectral colors. 
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520 


505 


490 —> 


For Q 
Purity 
is 65% 


380 


In some cases, a reference white other than C can be 
used (see CIE illuminant), but Illuminant C is most 
commonly used to define color purity. 


composite color — A color composed of two or 
more spectral colors. Composite colors are all the 
colors that are not spectral colors. In other words, 
they are all the colors inside the tongue-shaped bor- 
der of the chromaticity diagram (presented below). 


520 


Spectral 
Colors 


505 Composite 


Colors 


495 


Most composite colors have color purities less than 
100%. The only exceptions to the lack of 100% puri- 
ty of composite colors are those relatively few com- 
posite colors lying on the line of purples and those 
composite colors composed only of spectral colors 
having wavelengths from about 550 nm to 730 nm, 
where the edge of the chromaticity diagram is a 
straight line. The rest of the very many possible com- 
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posite colors will be more or less pastel (i.e., weak) 
versions of the spectral colors. The weakest of the 
composite colors is white in the center of the chroma- 
ticity diagram, with a color purity of zero. 


dominant wavelength — In the measurement of 
colored light, it is necessary to specify its hue or col- 
or. That is accomplished by specifying the wave- 
length of the spectral color associated with the com- 
posite color point of the light source on the chroma- 
ticity diagram. For most composite color points on a 
chromaticity diagram, this is done by drawing a 
straight line from the color point for white light (C, in 
the illustration below), through the color point of in- 
terest (e.g., Q and R) and continuing until the line in- 
tersects the spectral color boundary of the chromatici- 
ty diagram. The wavelength corresponding to this in- 
tersection is defined as the dominant wavelength for 
the composite color point of interest. This process is 
illustrated below. 


Dominant 

Wavelength 
540 For R is 565 nm 
Purity is 90% 


520 


505 


Purity 
is 65% 380 


The blue green color point Q has a dominant wave- 
length of approximately 490 nm. The yellow green 
color point R has a dominant wavelength of approxi- 
mately 565 nm. 


When working with composite, non-spectral colors 
(those colors in the triangle CST in the illustration 
below), the normal process of determining dominant 
wavelength does not work. This is because the line of 
purples (line ST) does not contain spectral colors and 
therefore does not have associated wavelengths. 
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520 


C-550 
Complementary 


Wavelength for 
"U" is C-550 nm 


7 


505 560 


Line of Purples 


Reddish Purple 


S 380 


Accordingly, the process used is to draw a straight 
line from the composite color point of interest (e.g., U, 
above) through the point for white (C) and continue the 
line until it intersects the spectral boundary. The wave- 
length corresponding to this intersection is described as 
the complementary dominant wavelength. In the above 
illustration, the purple color point U has a complemen- 
tary dominant wavelength of approximately C-550 nm. 
In this case, the C indicates that this is a complemen- 
tary wavelength associated with a non-spectral (see 
below) color point. 


The color purity ofnon-spectral composite color points 
is determined the same way as described above. In 
this case, color point U has a purity of approximately 
50%, because it lies halfway between color point C 
and the line of purples. 


line of purples — On a chromaticity diagram, the set 
of pure, but non-spectral, colors along the line con- 
necting the reddest red and the most violet of the 
spectral colors, as illustrated below. 


520 


505 


Purples 


380 


The colors along the line of purples are non-spectral 
composite colors with 100% color purity. 
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non-spectral colors — Those purplish composite 
colors occurring inside the red triangle in the chroma- 
ticity diagram below. These colors include the 100% 
purity colors along the line of purples. 


505 


spectral colors — Spectral colors have a purity of 
100%, are seen in the spectra of atoms, and are the 
only colors composed of light having a single, unique 
wavelength. The various spectral colors and their as- 
sociated wavelengths are presented below. 


Approx. Wavelength (nm) 


In a chromaticity diagram, spectral colors are those with 
color points located on the outer (i.e., red) tongue- 
shaped curve, described as the line of spectral colors. 


520 


Spectral Colors 
and Wavelengths 


Green 
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The limits of visibility on the extreme red and violet 
ends of the spectrum do not cutoff sharply, but rather 
they fade gradually to invisibility. As a result, it is 
not uncommon to find red and violet limits somewhat 
different from the 730 and 380 nm limits in the table. 


COLOR MIXING LAWS, ADDITIVE — (Also classical 
color mixing laws) — Rules that form the basis for un- 
derstanding and working with colored light sources. 


The first law of color mixing: Every source of colored 
light has a unique color point somewhere on the 


chromaticity diagram. (See color measurement (color 
point) and (chromaticity diagram).) 


The second law of color mixing: All the colors that 
can be made by combining two sources of colored 


light lie along a straight line connecting their color 
points on the chromaticity diagram. For example, by 
mixing various proportions of a green and a yellow 
light source (color points A and B in the illustration 
below), only those colors lying along the line AB are 
possible (i.e., green, yellowish green, yellow green, 
greenish yellow, yellow, and yellowish orange). 


520 


Yellowish 
Green 
505 Yellow Green 

Greenish Yellow 
Yellow 
Yellowish Orange 


495 


730 


380 


Further, it is the relative proportion of the two source 
colors that determines how far along the color line the 


composite color falls. For example, if the intensity of 


color source B is twice that of A, the composite color 
falls at a point two thirds the way toward B along the 
line AB, at color point D in the greenish yellow area. 


The third law of color mixing: Every color, except for 
pure spectral colors, can be made from any of several 
combinations of colored light sources, and the various 
resulting composite colors are indistinguishable to a 
human observer. (See color measurement (spectral 
colors) and (composite colors).) For example, bluish 
green and pink light sources (color points E and F in 
the illustration below) can be combined to make 
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white light (color point C). Similarly, reddish purple 
and yellowish green (color points G and H), and pur- 
plish blue and greenish yellow (points | and J) can al- 
so be combined to make the very same white light. 


520 


730 


Reddish Purple 


Purplish 380 
Blue 


In addition to the previous three methods, any pair of 
light sources that can be connected by a line passing 
through color point C can be used to make white light. 
All these combinations would appear indistinguisha- 
ble to a human observer. 


COLOR PERCEPTION — The ability to distinguish 


among different colors. Color perception is subjective 
in that it is a sensation registering in the brain of an 
observer. Such things as the color environment (i.e., 
changes in ambient lighting and the color viewed just 
before viewing a test color) can influence the percep- 
tion and description of a test color. 


COLOR POINT — See color measurement. 


COLOR POT — (Also colored pot or color case) — A 


firework device containing a pyrotechnic composi- 
tion that produces a colored flame on burning. The 
term is commonly used for garnitures on wheels. 
Color pots are essentially short colored flares that 
may be somewhat larger in diameter than length. 
When loaded with a composition producing a strobe 
effect, the device is referred to as a strobe pot. 


COLOR, PRIMARY -— In additive color mixing, general- 


ly a high color purity red, green or blue light source. 
(See color measurement (color purity).) 


When two color sources are combined in varying 
proportions, any color can be made that lies on the 
line connecting their color points on a chromaticity 
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diagram. (See color measurement (color point) and 
(chromaticity diagram) and color mixing laws, addi- 
tive.) When three color sources are combined in vary- 
ing proportions, any color can be made that lies in- 
side the triangle formed by the three lines connecting 
the three color-points on a chromaticity diagram. When 
the three color-points are widely separated on the 
chromaticity diagram, many different colors are pos- 
sible. If the three color-sources are rather pure red, 
green and blue, as is the case for a color television, 
essentially all other colors can be made. For this reason, 
these three color-sources are referred to as the prima- 
ry colors. In the following figure, color points K, L, 
and O, in various combinations, can be used to pro- 
duce all the colors inside the triangle KLO, but none 
of the colors outside that triangle can be produced. 


Green 
O 520 


505 


495 


COLOR PURITY — See color measurement. 
COLOR RELAY — See color-change relay. 


COLOR SHELL — See aerial shell name and descrip- 
tion (specific). 


COLOR SPACE - A three-dimensional geometric con- 
struct with a coordinate system based on the average 
cone sensitivity functions of the human eye. As three- 
dimensional color space, it can be difficult to use. For 
this reason, it is more common to use a chromaticity 
diagram, which can depict all possible color percep- 
tions in two dimensions. (See color measurement 
(chromaticity diagram). ) 


COLOR SPECIES (flame) — See color emitter (flame). 
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COLOR SPECTRUM - See light spectrum (visible 
spectrum). 


COLOR TEMPERATURE -— (Also correlated color tem- 
perature) — A measurement of the color (i.e., hue) of 
light radiated by a hot (i.e., incandescing) object, 
with reference to the approximately same color emit- 
ted by a black body radiator at some temperature. 
Color temperature is typically expressed in kelvin 
(absolute temperature). Red light sources have color 
temperatures around 2400 K; blues are around 9300 
K; and whites are around 6500 K. 


The color of pyrotechnic sparks (as incandescing par- 
ticles) is a function of their temperature; the color of 
many sparks can be specified by their color tempera- 
ture. 


COLOUR —The common British spelling of color. See 
entries spelled as color ---. 


COLUMN LENGTH or COLUMN HEIGHT — The length 
or height of a column of pyrotechnic or explosive 
material. 


COMBINATION, CHEMICAL — See chemical reaction 
type. 


COMBINATION FOG MACHINE - See fog machine. 


COMBINATION ITEM (fireworks) — A firework device 
containing more than one effect. For example, a foun- 
tain that begins with a whistling effect or a multiple- 
tube device that fires both comets and small aerial 
shells. 


COMBINATION REACTION — See chemical reaction 
type. 


COMBINED GAS LAW - See gas law. 
COMB MATCH — See match, tear-off- 


COMBUSTIBLE CASE -— (Also consumable case) — A 
material that forms the container of an effect and that 
is consumed along with the effect without detracting 
from it. Examples of combustible cases include case- 
less ammunition and, more recently, some aerial 
shells. In the entertainment field, the development of 
combustible cases has been driven primarily by envi- 
ronmental concerns to limit the amount of debris 
produced with the use of pyrotechnics. The primary 
ingredient of a combustible case, as currently manu- 
factured, is nitrocellulose fibers. (See consumables.) 
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COMBUSTIBLE CONCENTRATION REDUCTION — 
The technique of safely maintaining the concentration 
of combustible material in a closed space below its 
lower flammability limit. For example, the lower 
flammability limit of acetone in air is 2.5%. If the com- 
bination of air-ventilation equipment and measures to 
control the release of acetone vapor gas are such that 
the concentration of acetone is everywhere less than 
2.5%, there is no fire (or explosion) hazard presented 
with the use of acetone. Similar flammability limits 
apply to flammable dusts. 


Combustible concentration reduction strategies can 
be important in maintaining a safe manufacturing en- 
vironment for pyrotechnics and in the safe storage of 
fuel sources for flame effects. 


COMBUSTIBLE DUST — See explosible dust. 


COMBUSTIBLE MATERIAL — A substance or item that 
is capable of being ignited and then continues to burn 
in air. Combustible materials are less easily ignited 
than those described as flammable materials. 


combustible dust — Any finely divided solid mate- 
rial that is 420 microns or less in diameter (i.e., mate- 
rial passing through a US No. 40 standard sieve) that 
presents a fire or explosion hazard when dispersed 
and ignited in air or other gaseous oxidizer. 


combustible liquid — In the US, combustible liq- 
uids are divided into three classes (presented below) 


depending on their flash point. 
Common 
Examples 


Flash Point 
Description 


A liquid with a flash point less than 100 °F (38 °C) is 
described as one of three classes of flammable liquids 
(see flammable material). 


In flame effects: Jsopar-G is a safer alternative to liq- 
ulds such as gasoline, because it has a flash point 
high enough for it to be classified as a combustible 
liquid rather than a flammable liquid. 


combustible particulate solid — Any combustible 
solid material composed of distinct particles or piec- 
es, regardless of size, shape or chemical composition 
that is capable of being pneumatically conveyed. 
Combustible particulate solids include dusts, fibers, 
fines, chips, chunks, flakes or mixtures of these. 
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combustible solid — Any solid that can burn, in- 
cluding materials such as paper, wood and rubber. 


COMBUSTION — A relatively rapid chemical and phys- 
ical process accompanied by the production of heat 
and light, manifested as a flame or at least as incan- 
descence, and may be described as burning. Combus- 
tion is an oxidation-reduction reaction (see chemical 
reaction type), usually with atmospheric oxygen as 
the oxidizer. The oxidation-reduction reaction occur- 
ring in energetic materials (with their self-contained 
oxidizers) may also be described as combustion. (See 
burning, pyrotechnic and explosive reaction type.) 


COMBUSTION CHAMBER — See rocket combustion 
chamber. 


COMBUSTION EFFICIENCY — The effectiveness with 
which fuel is burned, expressed as the ratio of the en- 
ergy released during combustion under specified 
conditions to the potential chemical energy in the fuel 
assuming its complete oxidation. 


In propellants: The burning of nitrocellulose is an ex- 
ample of an under-oxidized propellant, with some of 
the carbon atoms being oxidized only to carbon mon- 
oxide rather than to carbon dioxide. This results in 
less than optimum energy production and produces 
after burning in the rocket plume. When an addition- 
al source of oxygen, such as potassium nitrate, is in- 
cluded in the propellant as a secondary flame_sup- 
pressant, combustion efficiency is increased as after 
burning is eliminated. 


COMBUSTION INDEX -— See Vieille equation (pressure 
exponent). 


COMBUSTION INSTABILITY — See rocket motor com- 
bustion instability and strobe (strobe effect). 


COMBUSTION, PYROTECHNIC — See burning, pyro- 
technic. 


COMBUSTION REACTION — See chemical reaction 
type. 


COMBUSTION SYNTHESIS — See self-propagating, 
high-temperature synthesis. 


COMBUSTION WAVE - The high temperature zone in 


which self-sustaining chemical reactions propagate 
through a gas or solid (as it burns). 


Page 297 


COMET (fireworks) — Usually a large cylindrical pellet 
of pyrotechnic composition that is propelled from a 
mortar or from an aerial shell, and that produces a 
long spark-trail effect, appearing somewhat like an 
astronomical comet. An example of a functioning 1- 
inch (25-mm) comet using ferrotitantum as its spark- 
producing material is shown below. (In this time ex- 
posure, a wind from the left is carrying the spark par- 
ticles to the right.) Occasionally, a bright colored star 
(one that does not produce a tail) fired from a mortar 
may also be described as a comet but might more ap- 
propriately be described as a meteor. 


Large comets, 2 inches (50 mm) or larger in diameter, 
are typically finished much like an aerial shell with 
an attached lift charge and a shell leader (as illustrat- 
ed below in cross section) ready for loading into a 
mortar. (See comet shell.) 


<—————. Quickmatch 
Shell Leader 


eee Paper Wrap 


Solid Pressed 
Comet Star 


Lift Charge 


Many smaller comets are supplied already loaded into 
mortars. This is especially common for comets less 
than 2 inches (50 mm) and is almost universally the 
method used for pyrotechnic special effect preloads 


and consumer fireworks. The typical construction of 
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a preload special effect comet is illustrated below in 
cross section. 


Paper Cap 


<——— Tube 


Paper Plug 


Comet 


Propelling 
Charge 


Clay Plug 


SQURANNET 


<— Electric 
Match 


The typical construction of a preloaded comet as a 
single-shot consumer firework is illustrated below in 
cross section. Comets are also commonly used in 
multiple-tube devices for both consumer and display 
fireworks. 


Top Disc 


Solid Pressed 
Comet Star 


Fuse — 
Lift Charge 


When a comet is attached to the exterior of an aerial 
shell, it becomes a type of rising effect and is typical- 
ly described as a rising tail (see aerial shell en- 
hancement technique). 


A large comet fired from the ground is sometimes re- 
ferred to as a stickless rocket because of the similari- 
ty of their visual effect (typically, both produce a 
dense ascending spark trail). 


Comets may further be described according to the na- 
ture of their primary spark-producing material (e.g., 
lampblack comet, charcoal comet or titanium comet) 
or according to some aspect of the effect it produces 
(e.g., willow comet, glitter comet or electric comet). 


When making a large comet, it is important to allow 
adequate drying time to ensure that its interior is 
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thoroughly dry before it is used. If not dry, when the 
comet is fired, there is potential for a slower burning 
mass of composition (or an unburned inner mass of 
composition) to fall dangerously to the ground. When 
a large comet is made by pressing, it may include a 
central hole through the comet. This is illustrated be- 
low in cross section 


Central Hole 


<— Pressed 
Comet 


Comet 
Composition 


The hole aids in the drying of the comet composition, 
and it also has useful aesthetic effects. Such a comet 
has a greater burning surface area and will produce a 
correspondingly denser spark trail. Itis also essentially 
neutral burning (see propellant burning, type of), with 
the burning surface area remaining somewhat constant 
during the period of its burning. This means that the 
density of its spark trail will also remain essentially 
constant. A comet made without a central hole will un- 
dergo regressive burning (see propellant burning, type 
of) and its spark trail will become less dense as it burns, 
unless the comet is papered around its circumference. 


COMET BOMB - See comet type. 


COMET COMPOSITION — A wide range of comet com- 
positions produce a range of different spark effects. 
Many comets burn to produce orange (i.e., golden) 
spark trails. These comet compositions are traditional- 
ly composed of varying percentages of lampblack, 
charcoal (often with a range of particle sizes), sulfur, 
antimony or antimony(III) sulfide, potassium nitrate 
or meal powder and a binder (often dextrin). A few 
sample formulations are presented below. 


Formulation —> Parts by Weight 
eel 
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a) Binder type and percentage was not specified. 
b) Moistened with alcohol to activate the binder. 
1 and 2) Weingart, 1947. 3 and 4) Lancaster, 1972. 


Brighter comet spark trails can be produced using 
various spark-producing metals, including ferrotitani- 
um, ferroaluminum, titanium, aluminum and mag- 
nalium. The choice of metal will greatly influence the 
color of the spark tail produced. A few sample for- 
mulations that produce bright metallic sparks are pre- 
sented below. Formulation 5 is basically Black Pow- 
der with an additional 10% of titantum, and it pro- 
duces bright white (i.e., silver) sparks, formulation 6 
produces a mixture of both yellowish-orange and 
white sparks, and formulations 7 and 8 produce me- 
dium-bright, straw-colored (i.e., yellow) sparks of 
long duration. 


a) Ferro-titanium, 60:40 alloy, 100 mesh. 

b) Ferro-aluminum, 35:65 alloy, — 60 mesh. 

5) Common. 6) Hardt, 2001 7) Bleser, 1988. 
8) Klumac, 1990. 


Some comet compositions burn to produce an especial- 
ly bright, white flame in addition to a spark trail. These 
compositions are often based on coarse aluminum (for 
spark production), fine magnalium (as primary fuel), 
potassium perchlorate (as oxidizer) plus a binder. Two 
example formulations are presented below. 


Formulation —| Parts by Weight 
Ingredient | | 9) | 


a) These formulations are reported to the nearest 5% and 
were produced as the result of accident investigations. 

b) These comets have a ratio of magnalium to potassium 
perchlorate that is close to some flash powders. Ac- 
cordingly, it is important that the particle size of the 
magnalium not be finer than approximately 100 mesh. 
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The comet compositions presented thus far burn to 
produce yellow to white flame color in addition to the 
sparks they produce. Other flame colors are possible; 
red, green, yellow, purple and even blue stars can be 
made to produce long tails that are orange, white or 
an intermediate color. One set of compositions from 
one of the authors is presented below, where formula- 
tions 11 through 14 produce red, green, blue and pur- 
ple flame colors, respectively, plus bright white spark 
tails from the added titanium. 


hlorate 


Come) [ea leioesren ewe tte 


Titanium 
Dextrin 


Some comets produce long-duration spark trails com- 
posed of particles producing a delayed effect (usually 
as a result of their reacting with atmospheric oxygen). 
Comets producing a glitter effect are one example of 
this type of comet and are especially effective as large 
comets leaving remarkably persistent twinkling (i.e., 
glittering) spark trails. The formulations presented be- 
low (Winokur, 1978) are quite effective: formulation 
15 produces fine white asymmetrical glitter flashes, 16 
produces a dense, lacy-yellow glitter effect, 17 pro- 
duces a white glitter effect with fairly large flashes 
and 18 produces a long, yellow-tailed effect because of 
its long-delayed glitter flashes. (See glitter chemistry.) 


Formulation > 
Ingredient | 


Parts by Weight 
(15) | (16) | (17) | (18) 
Potassium nitrate | 55150) 52 | S| 


Sodium hydrogen 
carbonate 
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a) 120 to 325 mesh. b) 80 to 200 mesh. 


c) This modestly coarse titanium sponge is an optional in- 
gredient that adds persistent white sparks without im- 
pacting the glitter effect. 


Another delayed spark effect is the firefly effect, in 
which the overall appearance is one of a persistent 
orange, carbon tail effect that transitions to give rise 
to a delicate white rain effect. A collection of firefly 
formulations is presented below. 


Formulation — 
Ingredient | 


Potassium nitrate 


Parts by Weight 
(19) | (20) | (21) | (22) 


» 


) Presumably air float. 

) 18-30 mesh flake aluminum (flitters). 
) 20-40 mesh flake titanium. 
) 
) 


a0 FD 


Glutinous rice starch. 
Nitrocellulose lacquer. 
) Dextrin. 

19 & 22) Hardt, 2001. 
21) Shimizu, 1988. 


> Oo 


20) Lancaster, 2006. 


COMET, CROSSETTE - (Also split comet, splitting 
comet or bursting comet) — A spark-trailing pyro- 
technic effect that explodes into smaller pieces during 
its burning. An example of a functioning crossette 
comet as a time series of four images is shown below. 
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Photo Credits: Eldon Hershberger 
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The diameter of crossette comets varies from 5/8-inch 
(16-mm) or smaller (typically used in aerial shells or 
multiple-tube devices) to 3-inch (75-mm) or larger 
(typically fired from an individual mortar). Large 
crossette comets (1.5 to 2.5 inches, 38 to 63 mm, in 
diameter) are also used in exhibition Roman candles. 
A well-made 2-inch (50-mm) crossette comet may 
have a burst diameter equal to that of many standard 
4-inch (200-mm) aerial star shells. 


Construction information: Crossette comets are usually 
paper-wrapped, cylindrical pellets that have a small, 
cylindrical, axial cavity (i.e., a shot hole), which is 
filled with a small explosive charge (often flash pow- 
der) either loose or as an encased explosive charge 
(i.e., a shot). During the comet’s burning, the flash 
powder (or other bursting charge) is ignited, explod- 
ing the comet into several burning fragments. Typi- 
cally, a substantial portion of the exposed composi- 
tion will have a layer of prime applied (not included 
in the cross-section illustration below). 


Exposed Composition 


Paper 


End Disk 


Shot Hole 


t Flash Hole 


There are two common methods for igniting the 
comet bursting powder. In the first method, the pow- 
der is placed directly in the shot hole (as illustrated 
above). Such comets may be described as shot-less 
crossette comets because the comet contains no en- 
closed explosive tube commonly described as a shot. 
The powder in the shot-less crossette is ignited when 
the comet burns through a narrow opening into the 
powder chamber described as a flash hole. In some 
crossette-comet pumps, the pin installed in the plung- 
er that makes the flash hole, may be slightly tapered 
to help ensure an easier release from the moistened 
comet composition. The distance between the ex- 
posed surface of the comet and the opening of the 
flash hole (distance t, above) determines the burn 
time of the comet before it splits apart. 


The composition between the shot hole and the end 
of the comet may be more dense than other regions of 
the comet. This is because of the added compaction 
at this position when the comet is being pressed. The 
result is that the burn time of this denser composition 
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may be somewhat longer than might otherwise be an- 
ticipated. If the distance t is not sufficiently less than 
the distance between the shot hole and the exposed 
sides of the comet (distance f, above), then distance t 
may not be the distance determining the timing of the 
comet’s burst. 


In the second method for igniting the bursting pow- 
der in a crossette, the bursting powder is first loaded 
into an enclosed paper or plastic container, described 
as a shot. The shot is usually fused with a very short 
length of small diameter black match or a small open- 
ing into the shot may be slurry primed. The insert fits 
snuggly into a flat-bottomed cavity in the crossette 
comet. Using this method, the cavity does not need a 
flash hole. These shots work well and allow less bri- 
sant and often safer burst compositions to be used be- 
cause the powder charge at the time of its ignition is 
more strongly encased. 


A crossette shell, with a total of 14 white crossettes is 
shown below. The first image (upper left) captures 
the moment of the shell burst with the trail of the 
propelling rocket still distinctly visible. The third im- 
age (upper right) captures the moment of the 
crossettes splitting. The fourth image (lower) cap- 
tures a stage in the development of the effect. 


Photo credit: Dan Chubka 


Some pyrotechnists make a distinction between a 
crossette comet and a split comet reserving the term 
crossette only for comets leaving long-duration tails 
that split symmetrically into four pieces of approxi- 
mately equal size. (For those pyrotechnists, comets in 


Page 301 


the above example would be split comets.) The dis- 
tinction between a crossette and split comet is by no 
means universal in usage, and many pyrotechnists 
make no distinction between the two terms. 


To achieve the four-piece 
crossette effect, special 
crossette comet pumps can 
be used that create a spe- 
cially shaped cavity in the 
comet to help ensure that the 
pellet bursts into four sym- 
metric pieces. An example 
of a large crossette comet 
made using such a pump is 
shown at the right. (Because of perspective in this 
photograph, the upper surface of the crossette comet is 
disproportionately larger (20% larger) when compared 
to the 0.1-inch (2.5-mm) divisions of the grid below 
the comet.) 
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Examples of 1.5 and 1-inch (38 and 25-mm) crossette 
pumps are shown on the left below. On the right are 
two close-up views of the cavity forming projection 
on the 1-inch (25-mm) pump. 
BEESEGECEEEEE beet 
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A variation in the design of a crossette is illustrated 
below in cross section. In this case, two different 
compositions are used for the body of the crossette. 


Exposed Composition 


Paper 


End Disk 


Break 
Charge 


Second Composition 
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Accordingly, the crossette rises while producing the 
first comet effect; then, at the moment it bursts, it 
changes to the second effect. An example of a shell 
producing such crossettes is shown below. 


Photo credit: Dan Chubka 


In this case, the seven initially white, spark-trailing 
crossette comets transition to red burning fragments 
as they burst. 


Bursting powder formulations: Four crossette bursting 
powder formulations are presented below. 


Formulation >| Parts by Weight 
Ingredient | (4) 


1 to 4) Common. 


Formulation 1 is a commonly used magnesium flash 
powder that can be quite effective in breaking 2-inch 
(50-mm) crossette comets. If this flash powder is 
well-sealed within the comet, it can continue to be ef- 
fective for several years under good storage condi- 
tions despite magnesium’s reputation of reacting with 
air and oxidizers. 


Formulation 2 is a dark report composition and has 
been used in traditional crossette comets. It has the 
advantage of not producing a bright flash that de- 
tracts from the spark trails of the comet, especially 
the delicate charcoal tails of a willow crossette com- 
et. Of course, this composition has the distinct disad- 
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vantage of being highly friction sensitive. Because it 
is somewhat risky to make and handle, many manu- 
facturers choose not to use it. 


Formulation 3 is standard firework flash powder that 
is relatively safe to make and use. If the powder is 
placed loose in a crossette comet shot hole, it may not 
properly explode the comet. It may only burn with a 
silent flash that does not break the comet. This com- 
position burns more reliability when enclosed in a 
shot within the crossette or if it is modified with the 
addition of some antimony(IIJ) sulfide, but its sensi- 
tiveness to accidental ignition is increased in so doing. 


Formulation 4 is a standard whistle composition that 
is also a type of dark report composition. For the 
most part, this can only be used successfully for the 
crossette bursting charge in large-diameter crossettes 
with large-diameter shot holes. 


Comet compositions: Traditional comet compositions 
are used in crossette comets. Some burn with long- 
lasting, charcoal-effect spark trails; various orange 
(i.e., gold) and white (i.e., silver) glitter compositions 
have also found extensive use. A colored-star compo- 
sition can also be used. (See comet for a few of the 
many formulations that are used.) 


Failure modes: There are two common failure modes 
for crossettes. One is that the bursting powder burns 
but the gases produced by the bursting powder escape 
from the open end of the shot hole without breaking 
the comet. This can happen if the comet burst charge 
is not contained in a separate shot or is not brisant 
enough to fracture the comet. This malfunction ap- 
pears as a simple comet with a brief flash during its 
flight. The trajectory of the falling comet is only 
slightly disturbed, if at all. The other common failure 
mode is that the flash charge is so brisant that the 
comet disappears in a violent explosion. This may be 
the result of shattering the comet into very small 
pieces that burn out quickly or having some of the 
pieces being blown blind. 


Another potential problem for a flight of several 
crossette comets can be their breaking at significantly 
different times (as much as one or more seconds 
apart). High-quality crossette comets, when used as 
shell inserts, typically break symmetrically into four 
pieces, as previously noted, but additionally all the 
inserts within the shell break near simultaneously. 


Historical: The origin of the crossette comet appears 
to be European. Traditional uses have been in rela- 
tively large, 6-inch (150-mm) and 8-inch (200-mm) 
cylindrical shells that are carefully strung (i.e., spiked), 
have a core break and contain neatly stacked comets, 
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such that they are dispersed widely and symmetrical- 
ly when the shell explodes. Such a shell produces an 
especially spectacular display. 


In recent years, Chinese manufacturers have been 
making extensive use of crossette comets in some of 
their multiple-tube devices. These are especially ef- 
fective in that even a modest 8-shot silver crossette 
device, if used in multiples of three or four, produces 
avery dense and wide display that is highly animated. 


COMET PUMP - Typically, a larger version of a star 


pump, ranging in size from less than | inch (25 mm) 
to more than 3 inches (76 mm) in diameter. 


The use of one type of comet pump is illustrated be- 
low. Uppermost is the comet pump readied for load- 
ing with composition. The plunger has been locked 
into position by rotating its pin (yellow) to the side. 
Loading the pump is accomplished by repeatedly 
pushing the comet pump into a mass of moistened 
comet composition. 


Cavity Where Comet Is Formed 
a Sleeve Plunger 


Pin Position for Loading 


Pin Position for Compaction 


Pin Position for Extraction 


Then (middle) the pin is released by reverse rotating 
the plunger. The end of the loaded pump is placed 
against a solid surface and pressure is applied to the 
top of the plunger to compact the loaded composition. 
The pressure may be applied using a press of some 
sort but is more likely to be applied with several mild 
blows using a wooden mallet or simply by applying 
firm hand pressure. Finally, the compressed comet is 
extracted by pushing the plunger all the way (bot- 
tom). The comet is removed by hand from the end of 
the plunger, or if necessary, with the use a knife. 


An example of a comet pump that has a somewhat 
different pin arrangement is shown below. This com- 
et pump is made of aluminum that has been anodized 
and Teflon coated to aid in the release of the comet 
formed when using it. 
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Crossette comet pumps differ from simple comet 


pumps in that they have a plunger with an extension 
to form the comet’s shot hole. 


COMET SHELL — Refers to a variety of firework de- 
vices involving one or more large pellets of composi- 
tion, typically burning to produce a trail of sparks. 


In some firework catalogs, comet shell may refer to a 
conventional aerial shell containing relatively few, 
large, long-burning stars. Thus, an entry for glitter or 
illuminating comets may simply refer to an ordinary 
star shell but with disproportionately large stars. 


Comet shell may also refer to an aerial shell (e.g., a star 
shell or salute) having one or more substantial pellets of 
composition attached to the outside of the shell casing, 
as shown below. It is more common to describe this 
type of rising effect as an aerial shell with rising tail. 


The red glassine cover papers have been removed to 
expose the surface of the comets. The paper is not 
normally removed before the shell’s firing. 


Finally, the term comet shell may refer to an individ- 
ual, large comet prepared for use such as shown be- 
low. In this case, the term apparently has its origin in 
the fact that a comet, prepared for use in this way, 
appears much like any ordinary aerial shell (i.e., it is 
paper wrapped, with a lift charge, a means for its ig- 
nition and a label). 
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The internal construction of this type of comet shell 
is illustrated below in cross section. 


|< Quick Match 
Shell Leader 


eee Paper Wrap 


Solid Pressed 
Comet Star 


Lift Charge 


A variation on this type of comet shell is an erratical- 
ly tumbling comet composed of a fiercely burning 
comet composition sandwiched between two layers 
of clay with an exhaust hole that may be eccentrically 
placed. (This hybrid device lies somewhere between 
a rocket motor and a comet.) As the device ascends, 
it has a wide spiraling trajectory, sometimes referred 
to as whirling. If the composition produces a dense 
tail, the effect is dramatic and only a few of these de- 
vices will seem to fill the sky. 


Although not always absolutely necessary, it is com- 
mon practice to prime the bottom surface of comets 
and comet shells since they are sometimes pressed 
with considerable pressure and may be resistant to 
ignition, even when a comet formulation is similar to 
the composition of the prime. (See prime ignitability.) 


Comet shell designs: Probably the term comet shell 
is most appropriately applied to an aerial shell that 
has a substantial amount of its pyrotechnic content 
devoted to a pellet of comet composition attached to 
a shell that breaks near the top of its trajectory. A 
small diameter version of such a comet shell (as 
might be used in a consumer firework) is illustrated 
below in cross section (without a mortar, lift charge 
or means of ignition). 


Paper End Closure 
Shell Content 
Strands of Paper Fuse 
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Pressed Clay Plug 


Comet Composition 


L Primed Surface 
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Such small caliber comet shells may include little if 
any burst charge, as the burning of the prime on the 
stars (plus loose prime and scrap bits of star composi- 
tion) is sufficient to produce the pressure to expel 
their contents. Larger comet shells will typically in- 
clude an added burst charge as in traditional cylindri- 
cal aerial shells. In the various illustrations of comet 
shells, the burst charge (if any) has not been included, 
to keep the illustrations simple. 


This type of comet shell differs from an ordinary aer- 
ial shell that has a comet as a rising effect, by having 
a larger percentage of the total pyrotechnic composi- 
tion devoted to producing the comet effect. The ad- 
vantage is that the spark trail of such a device is larg- 
er and denser (i.e., more spectacular). 


Probably the simplest construction method for this 
type of comet shell is simply to wrap several turns of 
paper around a cylindrical comet, leaving a portion of 
the comet composition exposed on one end, with the 
paper extending well beyond the comet’s other end 
(as illustrated below in cross section). The paper cyl- 
inder thus formed is then filled with stars or other ef- 
fects (and break charge) or with salute powder. The 
comet shell is then sealed and finished as typical for 
an aerial shell of that caliber. Upon firing, the effect 
is that of a comet rising into the air and terminating 
with a burst of stars, other effects or a report. 


Paper End Closure 


a Surface 


In this design, the burning comet acts as the time 
fuse. While simple to make, there are several disad- 
vantages to this design. Since comet compositions 
may burn at significantly different rates, it is neces- 
sary to adjust the thickness of the comet to ensure 
that its burn time is appropriate to achieve a burst 
near the apex of the shell’s trajectory. A flaw, such as 
a crack in the comet could result in a premature shell 
explosion. Also, a comet shell of this design may not 
have a powerful starburst because of the lack of suf- 
ficient confinement; when a flash powder burst charge 
is used, this seems not to be a problem. 
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A better design for a comet shell is one that more 
strongly encases the shell and uses a fuse for the 
shell’s ignition. The cylindrical projectiles in many 
consumer firework devices and in larger, multiple- 
tube fireworks used in professional shows are rela- 
tively small comet shells. In the past, these shells 
were often made using the technique of pressing a 
clay plug with a short length of Chinese tissue paper 
fuse in the middle of the plug (as illustrated below in 
cross section) or the fuse might be placed on the edge 
of the plug against the wall of the casing tube. 


Paper End Closure 
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Comet Composition 


Tames Surface 


While this fusing method works reasonably well, 
when the delicate fuse is damaged in the process of 
compressing the clay, the result can be a dud or other 
malfunctioning of the shell. In a somewhat improved 
version of this method a thin paper tube is wrapped 
around the tissue paper fuse to protect it, as illustrat- 
ed above in the first comet shell design. 


A better shell design is to fuse the shell using a 
standard time fuse, which will be ignited by the burn- 
ing lift charge, as with a typical bottom-fused shell. 
In this design, a large doughnut shaped comet of the 
same diameter as the shell is simply attached to the 
bottom of a typically constructed cylindrical shell (as 
illustrated below in cross section). 
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A somewhat similar comet plus shell design can also 
be used with spherical shells. In one especially effec- 
tive design, which is described as a tiger-tail shell, 
the entire external surface of the shell is covered with 
a thick layer of comet composition. In other less ef- 
fective (but easier to produce) designs, one or more 
large comets are simply attached to the exterior of a 
spherical shell, differing from rising tails only in the 
size and/or number of attached comets. One possible 
design is illustrated below in cross section. 


Prime Layer 


Paper 
Wrap 


Adhesive 
Layer 


When a conventionally constructed shell has a large 
attached comet, it is important for the comet to be 
well attached. If the comet becomes unattached, it 
will follow a different trajectory than the shell. At 
best, this will detract from (rather than enhance) the 
burst of the shell, and the comet can potentially fall to 
the ground still burning. In the example above, strong 
attachment is accomplished in part by having the 
comet pressed with its underside having the same ra- 
dius of curvature as the exterior of the shell to which 
it will be attached. 


A more extreme version of this type of comet shell is 
the tiger-tail shell, in which the comet composition 
covers the entire exterior of the aerial shell, as illus- 
trated farther below in cross section. 


Because of the especially large surface area of the 
comet composition, it burns to produce an extremely 
dense comet tail as the shell rises. The thick bushy 
trail of sparks is said to resemble a tiger’s tail, giving 
rise to name of the effect. 


COMET STAR -— See comet type (comet star). 


COMET TYPE — There are a great variety of comets 
and comet effects, many of which are described or 
listed below. When an initial boldfaced term is itali- 
cized, more complete information is located else- 
where in this text as an entry under that name. When 
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a non-boldfaced term is italicized, more information 
is included within this entry. 


aerial shell rising tail — See rising tail. 


ascending comet — (Also intermittent comet, flow- 
er comet or shooting comet) — An occasionally used, 
rather specialized application of the term comet. As- 
cending comet may describe a rising effect attached 
to the top of an aerial shell, similar in construction 
and operation to French splits. This consists of a col- 
lection of short tubes (typically 4 or more) having 
their ends closed by heavy paper and each tube con- 
taining two large pumped stars (i.e., comets). There is 
a propelling charge of granular Black Powder be- 
tween the stars and a mid-tube, side fuse for ignition. 
The fuses are primed and timed to ignite the small 
propelling charges in sequence as the shell rises, re- 
sulting in pairs of stars being projected in opposite di- 
rections as each device explodes. 


Such devices do not require trailing stars and are often 
manufactured with colored stars. The term flower 
comet is also used for a device of similar design, but 
that consists of a pair of small star shells that replace 
the pair of large pumped stars in the propelling tubes. 


A simple comet attached to the exterior of an aerial 
shell may be described as a type of ascending effect, 
more specifically as a rising tail. Additionally, alt- 
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hough a comet fired from a mortar is also an ascend- 
ing effect, it may be described as a straight comet or 
simply as a comet. 


ball comet — A large, spherical pellet of comet com- 
position. Smaller ball comets can be used in aerial 
shells and mines. Large ball comets (some at least as 
large as 6 inches, 150 mm, in diameter) are most often 
fired individually from a mortar. A 5-inch (125-mm) 
ball comet is shown below after its paper covering and 
lift charge were removed. A ball comet is less subject to 
aerodynamic drag forces than acylindrical comet, with 
the result that can be propelled to greater heights. 
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Smaller ball comets are typically made with a tumbling 
process in a sweetie barrel, using the same basic pro- 
cess that is used to make spherical stars. For larger 
comets, a two-part mold may be used and even careful 
forming of moistened composition by hand is possible. 
In a manner similar to that used to make color- 
changing stars, a ball comet formed by tumbling can 
be made to change the effects produced as it burns by 
layering the comet with different compositions. 


Larger ball comets in general are often referred to as 
tiger-tail comets. One thought is that the name refers 
to the comet producing an especially dense trail of 
sparks as it burns, which is reminiscent of a tiger’s 
bushy tail. Another possibility is that these comets 
can be made using alternating layers of spark produc- 
ing and non-spark producing compositions, thus pro- 
ducing a trail upon burning that is reminiscent of the 
banding seen on a tiger’s tail. 


Large ball comets (such as the one shown above) are 
most often made by layering the comet composition 
over an inner spherical object. That inner object may 
be inert, such as a spherical shell casing, either empty 
or filled with some lightweight inert material, as il- 
lustrated below in cross section. 


Encyclopedic Dictionary of Pyrotechnics 


Comet 
Composition 


A] Filler 
Filer | Pasted 

< Paper 
Casing 


As an alternative, the inner object may be a live, 
spherical aerial shell. The problem with an inert cen- 
tral object is that it will fall to the ground after the 
comet composition has burned off. 


cavity comet — Usually a large comet star with a 
central empty space that can be filled with a composi- 
tion different from that of the comet. Such comets may 
explode (such as crossette comets) or may terminate 
their performance with a color or other change in ef- 
fect (and may be described as a transformation com- 
et). Such comets are very effective and often add the 
element of surprise to their performance. An example 
of a cavity comet is shown below. Because of per- 
spective in this photograph, the upper lip of the com- 
et opening is disproportionately larger (14% larger) 
when compared to the 0.1-inch (2.5-mm) divisions of 
the grid below the comet. 
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chrysanthemum stars — See comet star. 


comet bomb — Usually a small diameter comet shell 
producing a combination effect consisting of a cylin- 
drical comet attached to a shell of the same diameter 
as the comet. The term is more likely to be used if the 
burst effect of the device is that of a salute rather than 
a starburst. 


comet shell — Any of a variety of aerial shell designs 
in which the primary effect or one of the primary ef- 
fects produced is a rising comet effect. The basic 
construction of some small comet shells (both salute 
and starburst types) is illustrated below in cross sec- 
tion. Such small comet shells are commonly used in 
multiple-tube devices. 
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comet star — (Also tailed star) — Stars commonly 
used in an aerial shell, mine or Roman candle that 
produce a spark trail. While there is not universal 
agreement, the difference between a comet and a 
comet star is mostly a matter of size and the number 
being dispersed. A single, large pellet (or a fairly 
small number of relatively large pellets) of spark- 
producing composition is most commonly described 
as a comet. A large number of relatively small pellets 
(i.e., stars) dispersed from an aerial shell or mine may 
be described as comet stars. 


Comet stars may be further described according to 
the nature of their primary spark-producing material 
(e.g., lampblack stars, charcoal stars and titanium 
stars) or according some aspect of the effect they 
produce (e.g., willow stars, glitter stars and electric 
stars). They may also be described as silver wave, 
golden wave or chrysanthemum stars. 


Formulations: The compositions used to make comet 
stars are essentially typical comet compositions. The 
principal exception is that the particle size of their 
primary spark-producing ingredient is reduced. This is 
necessary to compensate for comet stars being smaller 
than comets. For most comet compositions, if comet 
stars used the same size of the spark-producing in- 
gredient as comets, they would produce substantially 
fewer sparks. Using smaller particles increases the 
number of sparks produced but, generally, results in 
shorter spark duration. 


composite comet — See jeweled comet. 


crossette comet — A type of splitting comet that 
breaks into smaller pieces (commonly 4 pieces) 
shortly before the termination of its flight. 


electric comet — A comet producing an electric ef- 
fect with a trail of bright, white sparks giving some- 
what the impression of sparks produced by electrical 
arcing. 


Page 308 


flower comet and intermittent comet — See as- 
cending comet. 


jeweled comet — (Also composite comet or matrix 
comet) — A comet that contains granules (i.e., small 
stars) that are ignited and released during the burning 
of the comet. The alternative terms composite comet 
and matrix comet refer to the fact that the granules 
are dispersed in a fine-grained comet composition 
that is different from the granules and initially holds 
the granules in place as the comet composition burns. 
An example of the construction of a jeweled comet is 
illustrated below in cross section. 
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The expelled star pieces (i.e., granules) complete their 
burning as a part of the comet’s tail. The granules 
may simply be tiny bits of color star composition. 
More recently, the granules are more likely to be mi- 
crostars that produce any of several microstar effects. 
The effect (illustrated below) is a comet leaving a 
trail of colored stars or colored light flashes in its tail. 
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Manufacturing jeweled comets has some technical 
difficulties. If the granules burn too quickly or are too 
small, they will be mostly or totally consumed in the 
initial burning of the comet and will not survive to be 
incorporated into its tail. If the granules produce low- 
intensity light, in comparison to the comet’s bright 
spark tail, their colored light may not be sufficiently 
visible. Granules made with an aqueous binder might 
become soft and crumble when incorporated into a 
water-moistened comet composition. The solution is 
to use non-aqueous binding for either the granules or 
the comet, but not for both. 


The inclusion of granules into the comet may weaken 
its structural integrity, and the comet may tend to 
break apart upon being fired from a mortar. A 4 to 1 
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ratio of comet composition to granules is often near 
optimum. It is also possible that the severe pressure 
used to press the comet (i.e., to provide structural in- 
tegrity) may result in premature ignition if the hard, 
preformed granules grind together in the process. The 
likelihood of such ignitions occurring depends on 
variables such as the type of comet composition, the 
composition of the granules and the number of gran- 
ules being used. Despite these problems, jeweled com- 
ets can be successfully made and are quite effective. 


married comet — A type of comet consisting of two 
or more different compositions, each typically in the 
form of pumped cylindrical pellets that are fastened 
together. Their attachment (i.e., marriage) is typically 
accomplished by applying a wrap of kraft paper, se- 
cured with an adhesive, around the pellets. When one 
end of the married comet is covered (as illustrated be- 
low in cross section) the compositions will burn one 
after the other in sequence. This type of comet may 
be described as a transformation comet. 


Paper Wrap 


Composition 2 
Composition 1 


When both ends of the comet are uncovered (and 
primed), the two compositions will burn simultane- 
ously. The incentive for making these comets is to 
achieve a double effect not possible using a single 
composition. A good example of such an effect is a 
colored comet leaving a glittering tail. To date, com- 
positions producing both non-yellow colored flame 
and a glitter effect have not been developed. If one 
wanted to make a bright red comet that produce a 
glittering tail, a married comet would be required, one 
portion being a pellet of glitter star composition and the 
other portion a pellet of bright red star composition. 


matrix comet — See jeweled comet. 


pumped comet — A pellet of comet composition 
made by compressing the composition into a form or 
mold, usually acylindrical sleeve (e.g.,a comet pump). 
Smaller pumped comets can be used in aerial shells 
and mines. Large pumped comets (some as large as 6 
inches, 150 mm, in diameter and length) are most of- 
ten fired individually from mortars. 


Some pumped comets may have a wrap of paper on 
their exterior or may have been formed in a thin- 
walled casing. There are two possible reasons for do- 
ing this. The paper exterior will limit burning to the 
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ends of the comet, and a heavy paper wrap or casing 
will add physical strength to the comet. 


rising tail — Most typically, one or more comets at- 
tached to the exterior of an aerial shell. The comet(s) 
is ignited as the shell is being propelled from the 
mortar and continues to burn, tracing the shell’s tra- 
jectory as the shell rises. Ideally, the comet burns-out 
just as the shell explodes to produce its display. Two 
examples are shown below. 


The red glassine cover papers have been removed to 
expose the surface of the comets. This paper is nor- 
mally not removed before the shell’s firing. 


splitting comet — (Also bursting comet) — A comet 
device designed to split (i.e., burst) apart into two or 
more pieces during its flight. Most commonly these 
include crossette comets and sometimes comet shells. 


straight comet — (Also simple comet) — An ascend- 
ing effect consisting of a comet fired individually 
from a mortar. 


tiger-tail shell — A spherical aerial shell in which 
the entire surface of the shell casing is covered with a 
thick layer of comet composition. Thus, this is a type 
of ball comet, in which its functioning terminates in 
the burst of the aerial shell. Because of the large sur- 
face area of the comet composition, it burns to pro- 
duce an extremely dense comet tail as the shell rises. 
The thick bushy trail of sparks is said to resemble a 
tiger’s tail, giving rise to name of the effect. 


transformation comet — A comet that changes its 
effect at or near the top of its trajectory. Such comets 
may be a cavity comet in which the cavity is filled 
with a composition producing a contrasting color or 
effect in comparison to the remainder of the comet. 
An alternate means of producing this effect is to 
make a type of married comet. 
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COMMERCIAL DRIVER’S LICENSE — (Abbreviated 
CDL) — The license required for all drivers of com- 
mercial vehicles in the US. If hazardous materials are 
transported, an additional hazardous material en- 
dorsement is required, which provides certification 
that the driver has the necessary knowledge to safely 
transport hazardous material in commerce. 


COMMERCIAL EXPLOSIVE — An explosive primarily 
designed and used in blasting or other industrial ap- 
plications, as opposed to military or entertainment 
purposes. 


COMMERCIAL FIREWORKS -— Fireworks (both con- 
sumer fireworks and display fireworks) that are man- 
ufactured for sale or trade. Such fireworks are required 
to conform to specific regulations (e.g., to have an EX 
Number in the US). Nearly all fireworks are commer- 
cial fireworks; the rare exceptions include experi- 
mental fireworks and fireworks made exclusively for 
the maker’s personal use, including for exhibition at a 
firework convention or competition. 


The term commercial fireworks has sometimes been 
used, even in official documents, to refer exclusively to 
consumer fireworks, or exclusively to display fire- 
works. For this reason, care needs to be taken to as- 
certain the exact meaning of the term intended in any 
given context. 


COMMERCIAL USE (fireworks) — Whenever two indi- 
viduals (or other legal entities) transfer the ownership 
of something from one to another as part of a busi- 
ness operation. A manufacturer, importer, wholesaler, 
retailer or display operator are all involved in com- 
merce when they make or buy something for the pur- 
pose of selling it to another to use or when they are 
paid to perform a display. This contrasts with per- 
sonal use. 


COMMINUTE -— To pulverize or otherwise substantially 
reduce the particle size of materials. 


COMMISSION INTERNATIONALE DE L°ECLAIRAGE 
— (Abbreviated CIE, as well as ICI) — (Also Interna- 
tional Commission on IIlumination) — An organiza- 
tion devoted to the worldwide cooperation and ex- 
change of information on all matters relating to the 
science and art of light and lighting, color and vision, 
and image technology. 


COMMON CHEMICAL NAME - For some information on 


older historical names of chemical compounds, see 
chemical name, synonym and historical. For infor- 
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mation of more recent names of chemical compounds, 
see chemical name, inorganic and chemical name, 
organic. 


COMMON ENGLISH UNIT — See unit, English. 


COMMON FIREWORKS — A former shipping classifi- 
cation used in the US for what is now known as con- 
sumer fireworks. This term was an official descrip- 
tion of those small fireworks, which at that time were 
formally designated as Class C explosives by the US 
Interstate Commerce Commission (ICC) and later by 
the US Department of Transportation (DOT). 


COMMUNICATION (pyrotechnic or explosive) — With- 
in a collection of separate pyrotechnic devices or ex- 
plosive charges, the action of one charge causing an- 
other charge to react similarly. (See propagation.) 


COMP — Jargon for pyrotechnic composition. 


COMPACTION — The process of increasing the bulk 
density of a loose material in response to the applica- 
tion of pressure (described as loading pressure). At 
low pressures, this is accomplished primarily as the 
result of squeezing out the excess air in the material 
as the individual particles move into a more compact 
arrangement. At higher pressures or with longer 
dwell times, additional increases in bulk density can 
be the result of the plastic flow of one or more of the 
particulate ingredients. The degree of compaction 
may be described as the percent of theoretical maxi- 
mum density (TMD) that is achieved. 


COMPACTION — EFFECT ON BURN RATE -— See burn 
rate, factor affecting (degree of compaction). 


COMPARTMENT SHELL - A single-break color shell 
containing two or more internal chambers (i.e., com- 
partments) that are weakly separated from one anoth- 
er by means of a chipboard disk or other divider. 
Each compartment typically contains a single color of 
stars (e.g., red, white or blue, with each color in its 
own compartment). When a compartment shell bursts, 
the different colored stars tend to remain separated 
from each other as they spread across the sky from 
the exploding shell, thus producing patterns of differ- 
ent color stars within the overall display. An example 
of a shell with nine compartments is shown below in 
a time series of images starting in the upper left. This 
type of shell may be described as a kaleidoscope shell. 
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Photo credit: Eldon Hershberger 


A common type of compartment shell is the half and 
half shell, which bursts to produce a two-color dis- 
play of stars divided roughly into two halves. This 
same approach can be used with four or more differ- 
ent compartments separating different color stars. 


COMPATIBILITY, CHEMICAL — See chemical compat- 
ibility. 


COMPATIBILITY, EXPLOSIVE — Various explosives, 
including ammunition and fireworks, are considered 
to be compatible if they can be stored or transported 
together without significantly increasing either the 
probability of an accident or the magnitude of the ef- 
fects of such an accident. See compatibility group. 


COMPATIBILITY GROUP — Materials with similar 
characteristic that can be transported and stored inti- 
mately without chemical reactions occurring. Incom- 
patibility may result in a loss of effectiveness or an 
accident. 


Explosives: In the UN classification system, some 
compatibility groups of interest are presented below. 


propellant explosive substance or other 
_.,deflagrating explosive substance 


secondary detonating explosive 


effects from functioning are extremely 
limited 


For more information see explosives, classification of. 


COMPLEMENTARY COLOR -— From an artistic view- 
point, the color that appears approximately opposite a 
given color on a chromaticity diagram. (See color 
measurement (chromaticity diagram).) 


Complementary color is also applied when one color 
has an especially pleasing appearance when viewed 
in the presence on another color. In effect, each color 
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tends to make the other color more pleasing than if 
viewed alone. Though related to an extent, comple- 
mentary color is not the same as complementary 
dominant wavelength. (See color measurement (dom- 
inant wavelength). ) 


In fireworks: An aerial shell is often loaded with stars 
that produce complementary colors. For example, the 
combinations of purple and green stars or the pairing 
of blue and gold comet stars are considered especial- 
ly pleasing in appearance. 


COMPLEMENTARY DOMINANT WAVELENGTH — See 
color measurement (dominant wavelength). 


COMPLETE ROUND - See round (small arms). 


COMPLEX HIGH-POWER ROCKET — See high-power 
rocket. 


COMPLEX ION - See ion. 


COMPONENT and COMPONENT, AERIAL SHELL — 
See insert. 


COMPONENT SHELL (fireworks) — See insert shell. 


COMPOSITE — A combination of materials that con- 
sists of relatively large (i.e., macroscopic) particles or 
materials embedded in a continuous homogeneous 
matrix that generally becomes solid. Fiberglass is an 
example of a composite material, wherein the glass 
fibers are dispersed in a continuous phase of cured 
polyester resin. 


A composite contrasts with a colloid in that the dis- 
persed particles of a colloid are microscopic (or even 
sub-microscopic). 


In rocketry: A composite propellant consists of rela- 
tively large particles of oxidizer (and perhaps metal 
fuel particles) distributed in a polymeric fuel/binder 
matrix. Thus, the fuel/binder forms the continuous 
matrix that fills the voids between the macroscopic 
particles of oxidizer and other solid materials. (See 
propellant type.) 


In_fireworks: A composite or jeweled comet (see 
comet type) is one containing granules of a secondary 
composition distributed within a solid matrix of a rel- 
atively fast-burning comet composition. The granules 
may produce colored flame, strobe effects or crack- 
ling effects, which are dispersed into the tail of the 
burning comet. 


COMPOSITE COLOR -— See color measurement. 
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COMPOSITE COMET - See comet type (jeweled comet). 
COMPOSITE ENGINE — See rocket motor, composite. 


COMPOSITE PROPELLANT; COMPOSITE, MODIFIED, 
CAST DOUBLE-BASE PROPELLANT and COMPO- 
SITE, MODIFIED, DOUBLE-BASE PROPELLANT — 
See propellant type. 


COMPOSITE ROCKET MOTOR — See rocket motor, 
composite. 


COMPOSITE STAR, COLORED — See star (star formu- 
lation). 


COMPOSITION — See pyrotechnic composition. 


COMPOSITION 4, COMPOSITION A, COMPOSITION 
B and COMPOSITION C — See composition name, 
explosive. 


COMPOSITION NAME, EXPLOSIVE — A descriptive 
name given to a collection of high explosive mixtures 
based on _ hexahydro-1,3,5-trinitro-1,3,5-triazine 
(RDX) and developed for military applications. Spe- 
cifically, ‘A’ signifies a composition intended to be 
pressed, “B’ signifies one intended to be cast, and ‘C’ 
signifies one possessing a plastic nature. 


compositions A, A-2 and A-3 — Pressed charges 
made of phlegmatized RDX differing from each other 
only by the various types of wax they contain. Deto- 
nation velocity (confined) is typically approximately 
26,000 feet per second (8,100 m/s) at a charge densi- 
ty of approximately 1.7 g/cm’, 


compositions B and B-2 — Castable mixtures of 
RDX and trinitrotoluene (TNT) in the proportion of 
60:40, with wax as an additive. They are used as the 
filling for bombs, mines and shaped charges. Detona- 
tion velocity (confined) is typically approximately 
25,600 feet per second (7800 m/s) at a charge density 
of approximately 1.6 g/cm’. 


compositions C, C-2, C-3 and C-4 — Plastic ex- 
plosive mixtures consisting of RDX and a plasticizer, 
which itself may or may not be an explosive. The re- 
spective formulations (Meyer, 2007) are presented 
below. 


RDxX | Plasticizer 
Composition] (%) (%) Plasticizer Type 


~ [Non-explosive 
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COMPOSITION, PYROTECHNIC — See pyrotechnic 
composition. 


COMPOUND - See chemical compound. 


COMPRESSION — A measure of applied pressure. In 
pyrotechnics, this is roughly a synonym of /oading 
pressure. 


COMPRESSION WAVE -— A pressure wave in an elastic 
medium that causes part of the medium to decrease in 
volume (i.e., increase in density). A shock wave prop- 
agating in a charge of high explosive is an example of 
a compression wave. Another example of a compres- 
sion wave is the leading portion (i.e., the positive 
phase) of an air-blast wave, as illustrated below. 
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CONCENTRATION — An expression of the amount of 
one substance, either per unit volume or per unit 
mass, present in another substance. 


In chemistry: The concentration of laboratory solu- 
tions may be specified as the number of moles of a 
substance per liter of solution. If so, this concentra- 
tion may be expressed as the solution’s molarity 
(symbol: M). As an alternative, concentration may be 
specified as the percent of the substance in the solu- 
tion by weight (symbol: %) 


In chemical thermodynamic modeling, concentrations 
are often expressed as mole fractions (symbol: &), 
that is, the number of moles of one substance divided 
by the total number of moles of all substances present 
in the system. 


CONCUSSION — That part of an air blast from an ex- 
plosive or pyrotechnic composition that has low fre- 
quency content of such intensity that it provides a 
physically jarring effect. 


CONCUSSION EFFECT — An effect or device intended 
to produce the loud sound of an explosion accompa- 
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nied by a dramatic jarring effect, often accompanied 
by a brilliant flash of light. 


As _a proximate audience effect: Concussion effects 
are often produced using a concussion mortar firing 


concussion flash powder (see flash powder type). 
Concussion effects can also be produced using pre- 
loads such as a cannon simulator or a stage maroon. 


A proximate audience concussion effect can easily 
produce a sound pressure level (SPL) of 160 dB 
(peak, linear) at 25 feet (8 m), which is the minimum 
distance from the device to the audience in the US. 
At 6 feet (1.8 m) sound pressure level exceeding 175 
dB (peak, linear) is possible, and this would exceed 
acceptable levels for crew members and performers 
who might be within this distance of a concussion ef- 
fect. Employees in the US are not to be exposed to 
peak sound levels greater than 140 dB. 


Because of the loud sounds and blast effects produced, 
it is necessary to take safety precautions at performanc- 
es in which concussion effects will be used. Part of 
the answer is the use of personal protection equip- 
ment such as hearing protection for people who must 
be in the immediate area. Other appropriate measures 
are the use of barricading around the device(s), and 
warning signs and lights. For example, road cases can 
be used to barricade and isolate several concussion 
mortars, as shown below. Additionally, several bright- 
ly colored warning signs have been posted. 


In fireworks: While it is not always the principal in- 
tended effect, many display firework devices produce 
concussion effects (especially as experienced by the 
firing crew). Some examples of firework devices 
producing concussion effects are ground and aerial 
salutes, large-caliber, hard-breaking star shells and 
the firing of aerial shells from their mortars. 


Examples of the sound pressure levels (SPL) pro- 
duced by the exploding of typical cylindrical salutes 
and hard-breaking, spherical star shells, at close range 
(4 feet, 1.2 m), are presented below. 
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Device and Distance 


a) Sound pressure level (SPL) in dB peak with linear 
weighting. (See sound pressure level measurement.) 


Spectators at the minimum separation distance in the 
US will experience SPLs of approximately 130 to 145 
dB (peak, linear) from the firing of 3 to 6-inch (75 to 
150-mm) shells from their mortars. They will also ex- 
perience similar SPLs from the exploding of 3 to 6-inch 
(75 to 150-mm) shells at their normal burst heights. 


For manually fired displays, the sound pressure levels 
produced by the firing of shells from their mortars are 
of concern for the firing crew. At 6 feet (1.8 m) from 
the firing mortars, the SPLs will range from approx- 
imately 160 to 165 dB (peak, linear), mostly independ- 
ent of shell size in the range from 3 to 6 inches (75 to 
150 mm). Employees in the US are not to be exposed 
to peak impulse sound levels greater than 140 dB. 
(See sound pressure level measurement.) 


CONCUSSION FLASH POWDER -— See flash powder 


type. 


CONCUSSION MORTAR and CONCUSSION POT — A 


device specifically designed and constructed to pro- 
duce the loud sound of an explosion with a jarring ef- 
fect, but without producing any physical damage. A 
concussion mortar (illustrated below in cross section) 
is commonly made of steel with extra-thick walls that 
allow it to withstand the substantial explosive forces 
that can be developed within. 
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A concussion mortar is usually manufactured from a 
large diameter (2 to 3-inch, 50 to-75 mm) cylindrical 
steel rod. This is bored to an inside diameter of about 
1 inch (25 mm) and a depth of about 4 inches (100 
mm), leaving a 0.5 to 1l-inch (13 to 25-mm) thick 
mortar wall. An example of a concussion mortar is 
shown below. 


Such a thick-walled tube is an excellent and usually 
safe way to simulate an explosion or other loud concus- 
sive blast on stage or as a motion picture special effect. 
No debris is generated, and the device is reusable. 


Accidents have occurred when a concussion mortar 
has been used repeatedly with excessive loads of the 
most violent of concussion flash powders. This is 
more likely to be a problem when the concussion flash 
powder being used is an ultra-fine aluminum and po- 
tassium perchlorate-based firework flash powder, in- 
stead of the less brisant concussion powders based on 
magnesium and a nitrate. In these accidents, some 
combination of metal fatigue, combined with the much 
greater violence of the firework flash powder resulted 
in a concussion mortar breaking apart and dispersing 
highly dangerous, steel fragments (i.e., shrapnel). Rec- 
orded measurements of the internal pressure developed 
in a concussion mortar when firing only a moderate 
load of firework flash powder showed that peak in- 
ternal pressures exceeding 100,000 psi (14 MPa) may 
be produced. 


CONCUSSION POWDER - See flash powder type. 


CONDENSATION — The process whereby a substance 
changes phase from a gas to a liquid, for example, the 
formation of dew on a cool morning. In thermochem- 
ical modeling, chemical reaction products are typical- 
ly divided between those that are gaseous and those 
that are condensed (i.e., liquids and solids). 
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In organic chemistry: A condensation reaction is one 
in which two molecules react to form one larger mol- 
ecule and a much smaller molecule, most often a wa- 
ter molecule. These reactions are important in organ- 
ic chemistry, for example in nitration reactions. 


CONDENSED PHASE - A substance in either the solid 
or liquid state, as opposed to being a gas. 


CONDENSED PHASE EFFECT — Those phenomena 
and changes in properties associated with liquids and 
solids. 


CONDUCTING CAP and CONDUCTING DETONATOR — 
See detonator. 


CONDUCTION (electrical) — The transfer of electricity 
through a substance, resulting from a difference in 
electric potential across the substance. Conduction of 
electricity consists of the flow of entities having an 
electric charge (i.e., electrons and ions). Metals are 
good conductors of electricity by electrons. In elec- 
tro-chemical cells, the charge carriers are ions (i.e., 
anions and cations). 


CONDUCTION, THERMAL and CONDUCTIVE HEAT 
TRANSFER - See thermal energy transfer mechanism. 


CONDUCTIVE IGNITION — See ignition type. 
CONDUCTIVE LAMPBLACK — See /ampblack. 


CONDUCTIVITY, THERMAL — The property of a mate- 
rial that describes its ability to transfer energy by mo- 
lecular or atomic motion. Fourier’s law of heat con- 
duction, named after French mathematician and phys- 
icist Joseph Fourier (1768-1830), can be written in 
differential form, as: 


api. 
dx 


Here, H is the heat conducted per unit time, & is the 
thermal conductivity, A is the cross-sectional area of 
the conductor and d7 is the temperature change across 
the infinitesimal conductor length (dx). The negative 
sign indicates that heat flows from a region of higher 
temperature to a region of lower temperature. 


The thermal conductivity for some common materials 
is presented below. 
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Thermal Conductivity 
Substance (W/m °C) 


CONDY’S CRYSTALS — See potassium permanganate. 
CONE FOUNTAIN — See fountain type. 


CONE ROCKET and CONE STABILITY — See rocket, 
cone. 


CONFETTI — A collection of relatively small pieces of 
paper or similar material, often brightly colored, that 
are dispersed into the air to produce a visual effect. 
Some jurisdictions regulate the type of material that 
can be used for confetti; for example, some jurisdic- 
tions do not allow Mylar confetti because it can more 
easily cause an eye injury. If it is aluminized, Mylar 
has the potential to short-out exposed wiring such as 
overhead power lines. The size of the confetti is ad- 
justed to accommodate the size of the venue. One 
common way to disperse large quantities of confetti 
is to use a confetti cannon. 


CONFETTI BOMB — A low-tech, but occasionally used, 
method for dispersing confetti. It consists of a paper 
bag filled with flame-resistant confetti that has a 
small burst charge of a fast flash powder in the cen- 
ter, as illustrated farther below in cross section. 


The explosion of the burst charge fragments the bag 
and disperses the confetti. When a confetti bomb is 
discharged within a mortar, it may be described as a 
confetti mine. 


CONFETTI CANNON and STREAMER CANNON — The 
apparatus used to disperse either a confetti or stream- 
er effect on stage or at an event of some type. Exam- 
ples of 3 and 6-inch (75 and 150-mm) confetti can- 
nons are shown farther below. The unit in the center 
is a 3-inch (75-mm) cannon designed to propel its ef- 
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Igniter Wires 


Flame-resistant 
Confetti 


Burst Charge 


Paper Bag 


fects to a higher altitude, which is accomplished by 
using longer projection tubes (i.e., cannon barrels). 


Photo Credit: Rick Fleming, Sigma Services 


A set of confetti cannons mounted on an overhead 
stage truss is shown below. 


Photo Credit: Rick Fleming, Sigma Services 


Confetti or streamer cannons are used by loading 
their horns with a mass of confetti or streamers, 
which are typically expelled using compressed air or 
carbon dioxide. 


In the air handling industry, confetti cannon barrels 
are known as air amplifier horns. A series of jets of 
high-pressure air located around their base is used to 
draw-in a large volume of free air from the base to be 
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expelled from the end of the horn in this case taking 
in free air to disperse the load of confetti. 


There is an additional safety concern with streamer 
effects when the effects are to be produced outdoors 
near power lines (or other exposed electrical conduc- 
tors). It is essential that the streamers are not electri- 
cally conductive (1.e., they are not made of materials 
such as aluminized Mylar). 


CONFETTI MINE (special effect) — See confetti bomb. 


CONFETTI OR STREAMER EFFECT -— The safe pro- 
jection of masses of confetti or streamers into the air. 
It is a requirement that confetti and streamers be fire 
resistant. Examples of confetti and streamer effects 
being produced are shown below. 

Se ee 


| PL / wert 


Photo Credit: Rick Fleming, Sigma Services 


CONFIDENCE COEFFICIENT — See confidence level. 


CONFIDENCE INTERVAL — (Also margin of error) — 
In statistics, the range of values that is believed to in- 
clude the true value of a characteristic possessed by a 
group of entities. Implicit is the degree of certainty 
(described as the confidence level) that the true value 
actually is within the stated confidence interval. 


As an example, consider testing fuse burn times of a 
production batch of consumer fireworks. After testing 
an appropriate number of items, it may be possible to 
state that the average fuse burn time is 3.5 + 0.3 sec- 
onds, at a confidence level of 95%. This means that if 
the burn time for all the fireworks from the produc- 
tion batch were measured, there is a 95% chance that 
the average burn time would be found to be between 
3.2 and 3.8 seconds. 


CONFIDENCE LEVEL — (Also confidence coefficient) 
— In statistics, the probability that one can expect the 
true value of a characteristic, possessed by a group of 


Page 316 


entities, to occur within a stated interval of values 
(described as the confidence interval). A 95% confi- 
dence level indicates that if a test were repeated many 
times by random sampling of a group of entities, 95% 
of the tests would be found to have values for that 
characteristic that lie within the stated range. 


CONFINED DETONATION VELOCITY — See velocity of 
detonation. 


CONFINEMENT — The encasing or enclosing of a pyro- 
technic composition or an explosive, typically in a 
relatively small volume. 


In high explosives: The effect of confinement is to 
reduce the critical diameter of the explosive. 


In low explosives or pyrotechnic compositions: The 
effect of confinement can be to produce an explosion 


using material in amounts that would otherwise only 
burn. For a large enough amount of material, an ex- 
plosion can be accomplished as the result of inertial 
confinement. 


CONFINEMENT - EFFECT ON BURN RATE — See 
burn rate, factor affecting. 


CONFIRMATION CERTIFICATION (rocketry) — The 
process whereby a member of Tripoli Rocketry As- 
sociation or the National Association of Rocketry can 
become qualified (i.e., eligible) to purchase high- 
power rocket motors (i.e., size H and larger). 


CONGREVES or CONGREVES MATCH -— See match, 
historical. 


CONIC FOUNTAIN — See fountain type (cone fountain). 
CONJOINED SHELL — See multibreak aerial shell. 


CONNECTING WIRE — A length of wire used to extend 
the firing line or /eg wires in a firing circuit. 


CONSOLIDATION — The process of compacting a pyro- 
technic composition or other material through the ap- 
plication of pressure. An example of this is the pro- 
cess of compacting loose Black Powder into a casing 
to form the propellant grain of an amateur rocket mo- 
tor. In this sense, consolidation is being used as a 
synonym for compaction. 


CONSTANT HUMIDITY CHAMBER -— See /Aumidity 
chamber, constant. 


CONSTANT VOLUME -— See isochoric. 
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CONSUMABLE CASE -— See combustible case. 


CONSUMABLES (fireworks) — Any pyrotechnic effect 
in which the stars or comets burn entirely, leaving no 
fragments or casings. Most small diameter Roman 
candles, comets, mines and some multiple-tube de- 
vices have projectiles that are considered consuma- 
bles. The use of devices employing only consumables 
can be important when shooting fireworks from roof 
tops or other areas where separation distances may be 
limited and where the fallout of things such as paper 
fragments, cardboard tubes and plastic shell casings 
is unacceptable. 


CONSUMER FIREWORK -— (Also shop goods in some 
countries; formerly described as common fireworks 
or Class C fireworks in the US) — A small firework 
item intended for personal use and that can be pur- 
chased over the counter in many areas. Consumer 
fireworks include a diversity of relatively small fire- 
work devices, including fountains, aerial display 
shells, sparklers, firecrackers, multiple-tube devices, 
specialty items, wheels and firework rockets. A small 
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Specifications for US consumer fireworks are de- 
scribed in the American Pyrotechnic Association 
Standard, APA 87-1 and are classified by the US De- 
partment of Transportation as Fireworks, UN0336, 
1.4G. Some of the pyrotechnic composition quantity 
limitations in the US for consumer fireworks and 
novelties are summarized farther below. 


In addition to the composition quantity limits, there 
are limitations on the type of chemicals that can be 
used, as well as many construction requirements. 
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Composition Limits 

20 g total of which no more than 50 
mg can be explosive composition 

50 g for a single tube and 200 g total 
for multiple cones on a single base 
75 g fora single tube and 200 g total 
for multiple tubes on a single base 


50 mg for ground and 130 mg for 
aerial item 


9g 


fountain 
Cylindrical 
fountain 


20g 


20g 


100 g for a single tube and 200 g tota 
for multiple tubes on a single base 


60 g for a single tube, 200 g for multi- 
ple tube items, 500 g with restrictions 


popper 16 mg (a novelty) 


Reloadable | 60 g per shell and 400 g combined 
shell kit total 
20g 


20g 


100 g; if less than 5 g, itis classified 
as a novelty i 


1 mg (silver fulminate) (a novelty) 


100 g; many dipped sparklers are 
_| Classified as | 


2 g per tube and 20 g total per device 


16 mg (Classed as neither a 
consumer firework nor novelty) 
5g 

-|60 g per driver and 200 gtotal = 


CONSUMER FIREWORK AERIAL SHELL — See aerial 
shell (fireworks). 


CONSUMER FIREWORK COMPOSITION LIMIT — See 
limit, consumer firework composition. 


CONSUMER FIREWORK FOUNTAIN — See fountain 
type. 
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CONSUMER FIREWORK MORTAR — Sce mortar 
(fireworks). 


CONSUMER FIREWORK MULTIBREAK SHELL — See 
multibreak aerial shell. 


CONSUMER FIREWORK SEPARATION DISTANCE — 
See separation distance (consumer fireworks). 


CONSUMER FIREWORK SMOKE DEVICE — See 
smoke device, toy. 


CONSUMER PRODUCT SAFETY COMMISSION (US) 
— (Abbreviated CPSC) — An agency of the US gov- 
ernment that has the task of deciding whether a given 
product is acceptably safe for general consumer use. 
The agency has established labeling, construction and 
performance standards for consumer fireworks. These 
regulations are contained in 16 CFR 1500 and 1506. 


CONTACT CEMENT - A type of adhesive that is first 
applied to two surfaces to be joined and allowed to 
set for some time before the pieces are brought to- 
gether. When the two surfaces make contact, there is 
instantly a high degree of adhesion. Thus, care must 
be exercised to ensure alignment of the parts before 
bringing them into contact. The adhesive joint usual- 
ly remains somewhat flexible (1.e., rubbery) even 
when fully set. 


CONTAINER BOARD -— Relatively heavy paper prod- 
ucts used for packaging. Corrugated cardboard and 
chipboard are common examples of container board. 


CONTINUITY (electrical) — That property of an electric 
circuit indicating that there is at least one continuous 
and relatively low resistance path for the flow of 
electric current. This is in contrast with an open cir- 
cuit that is not capable of conducting the current, 
such as that needed to fire an electric igniter. 


CONTINUITY CHECK and CONTINUITY TEST — Any 
of a variety of electrical techniques used to check the 
integrity of the total firing circuit, thus ensuring that 
the circuit is functional. This usually involves some 
form of indicator light, audible tone or meter that is 
activated to verify continuity when a small electric 
test current is passed through the circuit. The tech- 
niques range from using a simple current-limiting 
LED light or buzzer, which is placed in series with 
the igniter circuit, to more elaborate circuits that 
measure the circuit resistance. 
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CONTINUOUS NOISE and CONTINUOUS SOUND — See 
sound pressure level measurement. 


CONTINUOUS SPECTRUM - See emission spectrum. 


CONTROL (rocketry) — A device that operates, regu- 
lates or guides something. A control feature can be 
active or passive in nature. Active controls are devic- 
es on a rocket that move to control the rocket’s direc- 
tion in flight. Passive controls are stationary devices 
on a rocket, such as fixed fins, that stabilize a rocket 
in flight. Fixed rocket fins are typically used by ama- 
teur rockets because the active approach is too risky 
and expensive to implement. The proper size and po- 
sition of the fixed fins create a suitable static stability 
margin, to ensure a straight and predictable trajectory 
of the rocket. 


CONTROL OF BURN RATE — See burn rate, control of. 


CONTROL OF SPARK DURATION -— See spark dura- 
tion, control of. 


CONTROL ROCKET - See rocket type by function. 


CONTROL SURFACE — The movable surface(s) on a 
rocket’s air frame (typically on its fins) used for 
guidance. 


CONVECTION, THERMAL and CONVECTIVE HEAT 
TRANSFER - See thermal energy transfer mechanism. 


CONVECTIVE IGNITION — See ignition type. 
CONVERGENT-DIVERGENT NOZZLE - See nozzle. 


CONVERSION COATING — A protective coating com- 
posed of some metal compound that is formed on the 
surface of that metal by chemical or electrochemical 
treatment as a means of corrosion passivation. For 
example, a protective layer of iron phosphate can be 
deposited on iron or steel by treatment with phos- 
phoric acid. Conversion coatings can be produced on 
magnesium, aluminum and zinc by treatment with 
hexavalent chromium compounds such as various di- 
chromates. (Hexavalent chromium compounds are 
carcinogenic.) 


CONVERSION COEFFICIENT — A factor used to con- 
vert the units of a physical value (such as mass, 
length or temperature) from one measurement system 
to another (e.g., from the English to the metric sys- 
tem). For example, to convert inches to millimeters, 
the conversion coefficient is 25.4, so one would mul- 
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tiply the number of inches by 25.4 to obtain the num- 
ber of millimeters. 


CONVOLUTE-WOUND TUBE — 
(Also parallel-wound tube) — 
A paper tube in which one 
sheet of paper is wound 
around a mandrel in a non- 
advancing spiral, such that 
there is a single beginning and 
ending seam that runs parallel 
to the tube axis. The manner of winding a convolute- 
wound paper tube is illustrated at the right (without 
being tightly wound around a mandrel). 


Most convolute-wound tubes are made by machine, 
but when the need arises, a tube of almost any size 
can be made by hand as shown below. Glue is ap- 
plied to one side of the paper sheet to hold the layers 
of paper together after it is tightly wound around an 
appropriately-sized mandrel. The automated process 
of machine-rolling tubes is basically similar to that of 
hand rolling. 


As a result of this method of rolling, one end of the 
sheet of paper runs along the length of the inside of 
the tube, and the opposite end runs along the length 
of the outside of the tube. Although not always easy 
to see, the outer (A) and inner (B) ending seams of the 
tube can be seen below. 
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Convolute-wound tubes are made one at a time from 
individual sheets of paper and will have tube lengths 
that are limited by the width of the paper, typically 2 
to 3 feet (.6 to 1 m). In contrast, spiral-wound tubes 
are made in a continuous wrapping process with ef- 
fectively no limit to the length of the tube. 


An individual convolute-wound tube, as it comes off 
the mandrel, is referred to as a machine roll and, after 
drying, may be cut to the desired length(s). A ma- 
chine roll is identifiable by the uneven nature of its 
ends (above, left); a cut tube has flush, even ends 
(above, right). Because of paper shrinkage when the 
tube dries, the mandrel used to form the tube must be 
slightly oversize. 


Convolute-wound tubes are usually stronger than spi- 
ral-wound tubes. This is primarily a result of using a 
far better grade of paper (e.g., kraft paper) to make 
convolute-wound tubes, rather than the chipboard 
that is commonly used to make spiral-wound tubes. 


The difference in the quality of paper used, and the 
fact that convolute tubes frequently have many more 
wraps of thin paper than spiral tubes, results in con- 
volute-wound tubes being significantly more expen- 
sive than spiral-wound tubes. 


In__ fireworks: Convolute- 
wound tubes are common- 
ly used in making firework 
rocket motor casings, mor- 
tars, Roman candle tubes, 
whistles, hummers, foun- 
tains, drivers and spolettes. 
Some of the many sizes of ~ 
smaller diameter convo- 
lute-wound tubes used in | 
fireworks are shown at the _ 
right. « 
In rocketry: When convolute-wound tubes are used as 
amateur rocket-motor casings or other devices in 
which pyrotechnic compositions are compacted and 
burn under relatively high pressure, the small step 
that occurs at the inner end of the rolled paper can be 
problematic. This is especially important if the paper 
used to form the tube is relatively thick. The potential 
problem is that the step (as shown below) may consti- 
tute a fire path allowing the ignition of more propel- 
lant than intended. This will increase the internal 
pressure and often will lead to the explosive failure of 
the rocket motor. 
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A similar problem to the small step occurs when, as a 
result of the automated manufacturing process, a gap 
may be left under the first portion of the innermost 
wrap of paper. This too can provide an unintended 
fire path, potentially leading to the explosion of the 
rocket motor. A rather extreme example of this gap 
problem is shown above. 


COOK-OFF — The ignition or initiation of a pyrotechnic 
or explosive material caused by ambient heating. For 
munitions, such ignition or initiation may result in the 
unintended discharge of a weapon. This could be the 
result of a gun or firearm with an overheated chamber 
or barrel that results in igniting a primer, fuze, pro- 
pellant charge or bursting charge. This may also result 
in the explosion of munitions in the event of a fire. 


To prevent this, testing is often performed to deter- 
mine the thermal sensitiveness of the material to ac- 
cidental ignition during storage or use. 


Typically, the material, in its assembled form, is placed 
in an oven or oil bath held at a constant temperature. 
Often instrumentation will be installed in the compo- 
sition to monitor its internal temperature. If there is 
an ignition or explosion, the time taken for that event 
is noted. After conducting measurements at a series 
of temperatures, the conditions for safe storage and 
use can be established. 


In the illustration below, T; is the thermal runaway 
temperature for the composition being evaluated. 
When the rise in temperature of the oven or oil bath 
(such as T1) is less than T;, there is no ignition. Once 
the temperature is raised to greater than T; (such as 
Tz), there will be an ignition, but the time for that to 
occur may be very long. As the temperature of the 
oven or oil bath is raised still higher (such as T3), the 
time to ignition becomes increasingly short. 
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COOLANT (propellant) — A substance added to a pro- 
pellant to reduce the flame temperature and hence its 
rate of burning. 


COOLING, FILM and COOLING, REGENERATIVE — 
See nozzle cooling. 


COOLING SALT — (Also flame-depressant or isother- 
mic chemical) — A chemical component added to an 
energetic material for the purpose of lowering the 
temperature of its reaction products. This is typically 
accomplished by the chemical component absorbing 
thermal energy either through phase changes or de- 
composition. For example, the presence of sodium 
chloride or sodium carbonate in a high explosive can 
be used to reduce the heat of the explosion. 


COOLING, TRANSPIRATION — See nozzle cooling. 
COOL MELT GLUE - See hot melt glue. 


COORDINATES - A set of numbers that designates a 
point in space. Depending on the system being used, 
the point may be referred to by x and y in a planar 
system or by x, y and z in a three-dimensional sys- 
tem. Typically, the two and three-dimensional coor- 
dinate systems are orthogonal (e.g., Cartesian coordi- 
nates). Alternatively, cylindrical and spherical coor- 
dinate systems are also used for some applications. 


COPAL or COPAL RESIN — See gum copal. 


COPOLYMER — A material created by polymerizing a 
mixture of two (or more) starting compounds (e.g., 
monomers). The resultant polymer molecules contain 
the linked monomers in a proportion that is related 
both to the mole fraction of the monomers in the 
starting mixture and to the reaction mechanism. (See 
crosslinking agent and prepolymer.) 


COPPER — [Cu] — {CAS 7440-50-8} 
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Copper is occasionally used as a flame color agent 
for the production of green or blue colored flames. It 
is a metallic chemical element, atomic number 29. It 
is sometimes found as the native element, but most 
copper is extracted from various copper ores, princi- 
pally sulfide minerals such as chalcopyrite [CuFeS:], 
bornite [CusFeS4] covelite and chalcocite [CuS]. 
Copper is a reddish-orange metal with a high metallic 
luster when the surface is clean, but it readily loses its 
metallic luster on exposure to the air. In powder 
form, it is reddish brown. 


a) Code for reference source, see preface. 
Health information: TLV-TWA: 0.2 mg/m’. 


UN hazard classification: not regulated. 


COPPER(IT) ACETATE—COPPER(II) ARSENITE 
(1/3) —[Cu(C2H302)2°3CuO(AsO2)2] — {CAS 12002- 
03-8} — (Also copper(II) acetate metaarsenite, copper 
acetoarsenite, emerald green, king’s green CI Pig- 
ment green or Paris green) 


Copper(II) acetate—copper(II) arsenite (1/3) is an ef- 
fective flame color agent for producing blue pyrotech- 
nic flames. Itis now rarely used because of its toxicity 
and the toxicity of its reaction products; also, it is no 
longer commercially available. It is a green crystal- 
line powder. 


Characteristic 


(d) = Decomposes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.01 mg/m? (as As); 
IARC-1: carcinogic. 


UN hazard classification: PSN: copper acetoarsenite; 
HC: 6.1 — poison inhalation hazard (UN1585). 


COPPER(II) ACETATE METAARSENITE —- See cop- 
per(I) acetate—copper(II) arsenite(1/3). 
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COPPER(II) 


COPPER(II) 


ACETATE MONOHYDRATE - 
[Cu(C2H302)2"H20] — {CAS 6046-93-1} — (Also cu- 
pric acetate monohydrate, monohydrate of the cop- 
per(II) salt of acetic acid or crystallized verdigris) 


Copper(II) acetate monohydrate is a flame color 
agent for producing green flames, now only of histor- 
ical interest. It is deep blue green as crystals and light 
greenish blue as a powder. 


Historical: Copper(II) acetate monohydrate was used 
in combination with copper(II) sulfate pentahydrate 
and ammonium chloride to impart a green color to al- 
cohol flames. These green flames were an impressive 
addition to firework displays in the latel8" and early 
19" centuries, before the introduction of modern col- 
ored pyrotechnic flame compositions based on potas- 
sium chlorate. Copper(II) acetate monohydrate is no 
longer used in pyrotechnic compositions. 


COPPER ACETOARSENITE — See copper(II) acetate— 


copper(II) arsenite(1/3). 


COPPER(I) ACETYLIDE — [CusC2] — {CAS 1117-94-8} 


— (Also cuprous acetylide) 


Copper(I) acetylide is a primary high explosive com- 
pound. It is a red amorphous powder. 


Structural formula: (aoc e= 


Hazard: A primary high explosive. 
Health information: TLV: none established. 


UN hazard classification: forbidden (explosive). 


COPPER AMMONIUM CHLORIDE — See ammonium 


copper(II) chloride dihydrate. 


ARSENATE TETRAHYDRATE 
[Cu3(AsOa’)2"4H20] — {CAS 10103-61-4} — (Also ar- 
senic acid copper salt, cupric arsenate, copper or- 
thoarsenate; the mineral rollandite; the anhydrous form 
is the mineral lammerite) 


Copper(II) arsenate tetrahydrate is of historical inter- 
est as an early blue flame color agent. This com- 
pound was prepared by precipitating a concentrated 
solution of copper(II) sulfate pentahydrate with a 
concentrated solution of potassium arsenate. It is a fi- 
ne blue powder that is insoluble in water. Although it 
was highly regarded as a blue flame color agent, it is 
unacceptable by modern standards because of its tox- 
icity and the toxicity of its combustion products. 


Anexample of a composition for blue stars and ‘grains’ 
(i.e., small stars for adding to fountain and other 
compositions) is presented below (Chertier, 1836). 
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COPPER(II) ARSENITE — [CuHAsO3] — {CAS 10290- 
12-7} — (Also copper arsenite, acidic copper arsenite, 
cupric arsenite, copper orthoarsenite or Scheele’s 
green) 


Copper(II) arsenite is an effective flame color agent 
for producing blue pyrotechnic flames. It is now rare- 
ly used because its toxicity and the toxicity of its re- 
action products, also it is no longer commercially 
available. Itis alight, yellow-green crystalline powder. 


|__Value__|i) 


Characteristic 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.01 mg)/m? (as As); 
IARC-1: carcinogenic. 


UN hazard classification: PSN: copper arsenite; HC: 
6.1 — poison (UN1586). 


COPPER(II) BENZOATE — [Cu(CsHsCO2)2] — {CAS 
533-01-7} — (Also benzoic acid copper(II) salt, cupric 
benzoate or copper dibenzoate) 


Copper(II]) benzoate is potentially useful as a com- 
bined flame color agent and pyrotechnic fuel for the 
production of blue colored flames. It is a blue powder. 


Characteristic 


a) Code for reference source, see preface. 
Health information: TLV: none established. 
UN hazard classification: not regulated. 


COPPER BLUE — See copper(II) carbonate—copper(I]) 
hydroxide (2/1). 


COPPER(II) CARBONATE HYDROXIDE _ 


[CuCO3-Cu(OH)2]— {CAS 12069-69-1} — (Also cop- 
per(I]) carbonate-copper(II) hydroxide (1/1), basic 
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cupric carbonate or basic copper(II) carbonate; the 
mineral malachite) 


Copper(ID) carbonate hydroxide is a common flame 
color agent for producing blue pyrotechnic flames. It 
is well suited for use in ammonium perchlorate com- 
positions or in high-temperature flame compositions, 
especially where hydrogen chloride gas is produced in 
the flame. It can be produced from the mineral mala- 
chite or synthetically from other copper compounds. 
Copper(II]) carbonate hydroxide is bluish-green to 
green as crystals and bluish-green as a powder. 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 1 mg/m? (as Cu); toxic 
by ingestion. 


UN hazard classification: not regulated. 


COPPER(II) CARBONATE—COPPER(II) HYDROXIDE 


(2/1) — [2 CuCO3-Cu(OH)2] — {CAS 1319-45-5} — 
(Also blue ashes, blue verditer, cendres bleu, Sanders 
blue, mountain blue, copper blue or lime blue; the 
mineral azurite or chessylite) 


Copper(II) carbonate—copper(II) hydroxide (2/1) has 
occasionally been used as a flame color agent for pro- 
ducing blue pyrotechnic flames. It can be produced 
from the mineral azurite or synthetically from other 
copper compounds. Copper(II) carbonate—copper(II) 
hydroxide (2/1) is blue as crystals and as a powder. 


(d) = decomposes. 
a) Code for reference source, see preface. 
b) Calculated value. 


Health information: TLV-TWA: 1 mg/m? (as Cu); toxic 
by ingestion. 


UN hazard classification: not regulated. 
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COPPER, CHERTIER’S — See Chertier’s copper. 


COPPER(II) CHLORATE, TETRAAMMINE — See 
tetraammine copper(I) chlorate. 


COPPER(I) CHLORIDE — [CuCl] — {CAS 7758-89-6} 
— (Also cuprous chloride; the rare mineral nantokite) 


Copper(I) chloride has occasionally been used as a 
flame color agent for producing blue pyrotechnic 
flames. It is produced from other copper compounds, 
for example by heating a solution of copper(II) chlo- 
ride with a reducing agent such as metallic copper. 
Copper(I) chloride is colorless as crystals and white 
as a freshly prepared powder, but it turns greenish on 
exposure to air and brown on exposure to light. 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 1 mg/m? (as Cu); in- 
vestigated as a mutagen. 


UN hazard classification: PSN: copper chloride; HC: 
8 — corrosive (UN2802). 


COPPER(II) CHLORIDE—COPPER(II) HYDROXIDE 
(1/3) — [CuCl.3Cu(OH)2] — {CAS 1332-65-6} — 
(Also copper(II) oxychloride, copper(II trihy- 
droxychloride, copper oxychloride, cupric oxychlo- 
ride or Brunswick green; the minerals atacamite, par- 
atacamite, clinoatacamite and botallackite) 


Copper(II) chloride—copper(II) hydroxide (1/3) is a 
flame color agent for producing blue pyrotechnic 
flames. Some commercial samples contain variable 
amounts of bound water, depending on the method of 
manufacture. It is a blue-green crystalline powder. 


Characteristic 


(d) = decomposes. 
a) Code for reference source, see preface. 
b) Calculated based on pure atacamite (59.5% Cu). 
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Health information: TLV-TWA: 1 mg/m? (as Cu) 
(dust, mist); TLV-TWA: 0.2 mg/m? (as Cu fume). 


UN hazard classification: not regulated. 


COPPER(II) CHLORIDE DIHYDRATE [CuCl2:2H20] — 
{CAS 10125-13-0} — (Also cupric chloride dihydrate; 
the mineral erichaleite) 


Copper(ID) chloride dihydrate is sometimes thrown on- 
to campfires or added to firewood to produce colored 
flames. The colors produced can include green from 
copper monohydroxide [CuOH’], blue from copper 
monochloride [CuCl'] and red from copper monoxide 
[CuO’]. Copper(ID) chloride dihydrate is not used in 
pyrotechnic compositions because it is too hygro- 
scopic. 


COPPER CHROME OXIDE -— See copper(II) chromite. 


COPPER(II) CHROMITE [Cu2Cr20s] — {CAS 10125- 
13-8} — (Also copper chrome oxide or chromium(III) 
copper(II) oxide) — Copper(II) chromite is sometimes 
used as a burn-rate catalyst in rocket propellants and 
in whistle compositions. It is black as a powder. 


COPPER COMPOUND, SPOT TEST FOR See spot test 
(copper compound). 


COPPER CRUSHER GAGE — A device used to measure 
the pressure developed in a gun chamber by measur- 
ing the deformation of a copper cylinder exposed to 
the high pressure. Crusher gauges are also used in 
measuring the output of explosives. 


COPPER(II) DIAMMONIUM CHLORIDE DIHYDRATE 
— See ammonium copper(I] chloride dehydrate. 


COPPER DIBENZOATE — See copper(II) benzoate. 


COPPER ETHANEDIOATE — See copper(II) oxalate 
hemihydrate. 


COPPERHEAD IGNITER™ (rocketry) — See electric 
igniter (rocketry) (model rocket igniter). 


COPPER HEMIOXIDE — See copper(I) oxide. 


COPPER(II) IODATE — [Cu(IO3)2] — {CAS 13454-89- 
2} (Also cupric iodate; copper iodate; and copper io- 
date, anhydrous.) 


Copper(II) iodate has been proposed as an oxidizer 
and blue color agent in chlorine-free pyrotechnics. 
Three crystalline forms of anhydrous copper(II) io- 
date are known. The most commonly encountered va- 
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riety, a Cu(IO3)2, forms light yellowish-green crys- 
tals; the pure powder is pale green. A second modifi- 
cation, B Cu(IO3)2, is deep blue green as crystals and 
powder. The third modification, y Cu(IO3)2, forms 
dark yellow crystals and powder. 


Characteristic (a) 


a) Code for reference source, see preface. 
b) Nassau, 1973; Karpinnen, 1992. 
c) Stern, 2001. 


Health information: Causes skin irritation. Causes se- 
rious eye irritation. May cause respiratory irritation. 
Harmful if swallowed or inhaled. There is no TLV 
for copper and its inorganic compounds. There is a 
German MAK-TWA of 0.01 mg/m? for respirable 
particulates. 


UN hazard classification: PSN: Oxidizing solid, n.o.s. 
(Copper iodate). HC: 5.1 Oxidizing substances. UN 
Number: UN1479 


Chemical Properties: At about 400 °C copper(II) io- 
date decomposes to copper(II) oxide, iodine and oxy- 
gen: 


2 Cu(1O3)2 > 2 CuO) + 2 Ing) + 5 Org). 


Pyrotechnic Uses: In 2014 German chemists Thomas 
M. Klapétke and Magadalena Rusan, and American 
chemist Jesse J. Sabatini published a paper on their 
studies of copper(I) iodide as a blue light emitter. 
They offered two formulations (presented below) in 
which copper(II) iodate served both as the oxidizer 
and the source of gaseous copper monoiodide [Cul], 
the emitter of blue light. 


These two compositions are said burn without smoke 
or residue, and to have longer burn times, higher 
spectral purities, and higher luminosities than a control 
composition (a blue composition containing 68% po- 
tassium perchlorate, 15% copper, 17% polyvinyl chlo- 
ride and 5% starch, originally presented by Shimizu). 
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It is important to note that although copper(II) iodate 
is only slightly soluble in water, it is to be expected 
that wet copper(II) iodate would, like other soluble 
copper compounds, react exothermically with mag- 
nesium, perhaps sufficiently to bring about ignition 
of the mixture. 


COPPER METAL, SPOT TEST FOR — See spot test 


(copper metal). 


COPPER MONOBROMIDE — [CuBr and CuBr] — A 


chemical species of possible use to produce blue py- 
rotechnic flames. 


Properties: Copper monobromide is the gaseous form 
of copper(I) bromide. Unlike the alkaline earth metal 
monobromides, it is not a free radical in its ground 
state [CuBr]. The electronically excited state is a free 
radical [CuBr’], with two unpaired electrons, one in 
the d-shell of the copper atom and another in a cop- 
per monobromide molecular orbital. When this latter 
unpaired electron falls back into the d-shell of the 
copper atom (as the ground state of the copper mono- 
bromide molecule) the excess energy is manifested as 
blue flame emission bands. The excited state is pro- 
duced by chemical reactions in the flame of a suitably 
formulated pyrotechnic composition. (See colored- 
flame chemistry.) 


Color emission: The color purity of copper mono- 
bromide (95%) is slightly greater than that of copper 
monochloride [CuCl’] (92%) and its dominant wave- 
length (459 nm) is very slightly more violet than the 
violet blue of copper monochloride (465 nm) (Koch, 
2015). (See color measurement (color purity) and 
(dominant wavelength). ) 


COPPER MONOCHLORIDE — [CuCl and CuCl’] — The 


chemical species commonly used to produce blue py- 
rotechnic flames. 


Properties: Copper monochloride is the gaseous form 
of copper(I) chloride. Unlike the alkaline earth metal 
monochlorides, it is not a free radical in its ground 
state [CuCl]. The electronically excited state is a free 
radical [CuCl] with two unpaired electrons, one in 
the d-shell of the copper atom and another in a cop- 
per monochloride molecular orbital. When this latter 
unpaired electron falls back into the d-shell of the 
copper atom (as the ground state of the copper mono- 
chloride molecule) the excess energy is manifested as 
blue flame emission bands. The excited state is pro- 
duced by chemical reactions in the flame of a suitably 
formulated pyrotechnic composition. (See colored- 
flame chemistry.) 
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Molecular weight = 90.00 g/mol. 
Enthalpy of formation = 91 kJ/mol. 


Color emission: The color purity of copper mono- 
chloride (92%) is only slightly greater than that of 
copper monohydroxide [CuOH’] (88%); its dominant 
wavelength (465 nm) is violet blue rather than the 
yellowish green of copper monohydroxide (548 nm). 
(See color measurement (color purity) and (dominant 
wavelength).) The spectrum of copper monochloride 
is presented below, along with the intensity of its 
many spectral bands. 
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The CIE-1931 2° coordinates for its color point in the 
chromaticity diagram (presented farther below) are X 
= 0.156 and Y = 0.073, corresponding to a purity of 
92% and a dominant wavelength of 465 nm. (See 
color measurement (color point) and (chromaticity 
diagram).) 


COPPER MONOHYDROXIDE — [CuOH and CuOH’ — 
{CAS 12125-21-2} — The chemical species responsi- 
ble for the green color often seen when copper metal 
or some of its salts are exposed to fire or flame. 
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Copper 
Monochloride 


Properties: Copper monohydroxide is the gaseous 
form of copper(I) hydroxide. Unlike the alkaline earth 
metal monohydroxides, it is not a free radical in its 
ground state [CuOH]. The electronically excited state 
is a free radical [CuOH’], with two unpaired elec- 
trons, one in the d-shell of the copper atom and an- 
other in a copper monohydroxide molecular orbital. 
When this latter unpaired electron falls back into the 
d-shell of the copper atom (as the ground state of the 
copper monohydroxide molecule) the excess energy 
is manifested as flame emission bands, predominant- 
ly in the green region of the visible spectrum. The 
excited state is produced by chemical reactions in 
flames, including those of suitably formulated pyro- 
technic compositions. (See colored flame chemistry.) 


Molecular weight = 80.55 g/mol. 
Enthalpy of formation =— 111 kJ/mol. 


Color emission: The color purity of copper monohy- 
droxide (88%) is only slightly less than that of copper 
monochloride [CuCl] (92%); its dominant wave- 
length (548 nm) is somewhat yellowish green rather 
than the violet blue of copper monochloride (465 nm). 
The spectrum of copper monohydroxide is presented 
below, along with the intensities of its various broad 
and overlapping spectral bands, which extend with 
varying intensity from orangish-red to blue green. 
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The CIE-1931 2° coordinates for its color point in the 
chromaticity diagram (presented below) are X = 
0.290 and Y = 0.666, corresponding to a purity of 
88% and a dominant wavelength of 548 nm. 


Copper 
Monohydroxide 


In the formulation of blue flame compositions, the 
desired emitter is CuCl’; the presence of CuOH’ in 
these flames is undesirable as it makes the blue paler. 
There is evidence that in some cases a little CuOH’ 
may be helpful in reducing the purplish cast of flames 
having relatively high concentrations of CuCl’. 
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Historical: Copper monohydroxide is readily formed 
in the flame of alcohol burning on a wick impregnat- 
ed with copper salts. The resulting green flames were 
used in firework displays in 18™ century Russia, and 
later in France and elsewhere. A formulation for a 
mixture used to impregnate cotton wicking for this 
purpose is presented below. 


Ingredient Parts by Weight 


a) Copper(Il) acetate monohydrate [Cu(CH3COO)2:H20]. 
b) Copper(Il) sulfate pentahydrate [CuSO4-5H20]. 
c) Ammonium chloride [NH4Cl]. 


The mixture was made into a paste with ‘spirits of 
wine’ (i.e., ethanol) and rubbed into large cotton wicks 
that were draped on suitable frames to make the de- 
sired patterns, such as the fronds of a palm-tree, in 
green fire. 


It is difficult to make a green pyrotechnic flame col- 
ored by CuOH’. Four examples of historical interest 
are presented below. Formulation 1 is an old French 
green lance composition. Formulation 2 is said to 
produce a yellow flame with grass-green edges. For- 
mulation 3 produces a bluish-green flame. Formula- 
tion 4 is another for a green lance. 


Formulation —|Parts by Weight 


Ingredient | 


1) Ruggieri, 1821. 

4) Websky, 1831 

a) Probably ‘Crystallized Verdigris’, Copper(Il) acetate 
monohydrate [Cu(CHsCOO)2:H2O], but possibly an in- 
soluble copper(II) acetate-copper(Il) hydroxide such as 
[Cu(CHsCOO)2:3Cu(OH)2] 

b) Probably copper(II) sulfate-copper(Il) hydroxide (1:3) 
[CuSO4:3Cu(OH)2] 

c) Or Asphalt. 


2-3) Websky, 1878. 
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COPPER MONOIODIDE — [Cul and Cul’] — A chemical 
species of possible use for the production of bluish 
green (1.e., aqua) pyrotechnic flames. 


Properties: Copper monoiodide is the gaseous form 
of copper(I) iodide. Unlike the alkaline earth metal 
monoiodides, it is not a free radical in its ground state 
[Cul], but the electronically excited state is a free 
radical [Cul’], with two unpaired electrons, one in the 
d-shell of the copper atom and another in a copper 
monoiodide molecular orbital. When this latter un- 
paired electron falls back into the d-shell of the cop- 
per atom (as the ground state of the copper monoio- 
dide molecule) the excess energy is manifested as blue 
and green flame emission bands. The excited state is 
produced by chemical reactions in the flame of a suit- 
ably formulated pyrotechnic composition. (See col- 
ored-flame chemistry.) 


Color emission: The color purity of copper monoio- 
dide (51%) substantially lower than that of copper 
monochloride [CuCl'] (92%) and its dominant wave- 
length (497 nm) is bluish green rather than the violet 
blue of copper monochloride (465 nm) (Koch, 2015). 
(See color measurement (color purity) and (dominant 
wavelength). ) 


COPPER MONOXIDE — [CuO’] — A reaction product 
expected to occur as a gaseous free radical in oxy- 
gen-rich pyrotechnic flames containing copper or its 
compounds. The copper monoxide free radical is an 
electronically excited form of copper(II) oxide vapor. 
Molecular emission bands from copper monoxide are 
perceived as red light, which can detract from the 
color of blue flames. A fringe of red light is often 
seen around the edges of the flames of blue lances or 
torches, where air diffuses into the flame and converts 
the blue color emitter, copper monochloride [CuCl’], 
into copper monoxide. While normally undesirable, 
this effect has been exploited to produce pinwheels 
having a blue disc surrounded by a red fringe. 


COPPER ORTHOARSENATE — See copper(II) arsenate 
tetrahydrate. 


COPPER ORTHOARSENITE — See copper(II) arsenite. 


COPPER(II) OXALATE HEMIHYDRATE 
[CuC204°0.5H20] — {CAS 814-91-5} — (Also copper 
ethanedioate, copper oxalate, cupric oxalate; the par- 
tially dehydrated form (~0.4 H20) is the rare mineral 
moolooite.) 


Copper(II) oxalate hemihydrate is of historical inter- 
est as an early flame color agent for producing blue 
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pyrotechnic flames. This compound can be prepared 
by precipitating a dilute solution of copper(IJ) sulfate 
pentahydrate with a solution of sodium oxalate. It is a 
fine, pale-blue powder that is insoluble in water. 


COPPER(I) OXIDE — [Cu20O] — {CAS 1317-39-1} — 
(Also red copper oxide, brown copper oxide, cuprous 
oxide, copper protoxide, copper hemioxide or copper 
suboxide; the mineral cuprite) 


Copper(I) oxide is potentially useful as a flame color 
agent for producing blue pyrotechnic flames. It is a 
yellow, orange, red or dark brown powder depending 
on the method of preparation. 


Characteristic (a) 


(d) = decomposes and loses oxygen. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: | mg/m? (as Cu dust, 
mist); TLV-TWA: 0.5 mg/m? (as Cu fume). 


UN hazard classification: not regulated. 


COPPER(II) OXIDE —[CuO]— {CAS 1317-38-0} —(Also 
cupric oxide, copper monoxide, cupric oxide black or 
black copper oxide; the mineral tenorite or melaconite) 


Copper(II) oxide is commonly used as a flame color 
agent for producing blue pyrotechnic flames. It is al- 
so used as a high-temperature oxidizer in some Gold- 
schmidt reactions. Copper(II) oxide can be produced 
from the mineral tenorite but is usually prepared syn- 
thetically from other copper compounds. It is brown- 
ish-black as a powder. 


Characteristic | Value fa) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 1 mg/m? (as Cu dust, 
mist); TLV-TWA: 0.5 mg/m? (as Cu fume). 


UN hazard classification: not regulated. 
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COPPER OXYCHLORIDE -— See copper(II) chloride — 
copper(II) hydroxide (1/3). 


COPPER(II) PHTHALOCYANINE — [C3 .HisCuNe] — 
{CAS 147-14-8} — (Also aqualine blue, Bahama blue, 
copper phthalocyanine blue, copper tetrabenzoporphy- 
razine, Fastolux peacock blue, Heliogen blue, Irgalite 
blue LGLD and many others) 


Copper(ID) phthalocyanine is a common blue pigment 
that is stable to relatively high temperatures. It is 
used in pyrotechnics as a blue smoke dye. Copper(II) 
phthalocyanine is bright blue as a powder. 


Structural 
formula: (see 
benzene ring) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV: none established. 
UN hazard classification: not regulated. 


COPPER PROTOXIDE and COPPER SUBOXIDE — See 
copper(L) oxide. 


COPPER(I) SULFIDE — [Cu2S] — {CAS 22205-45-4} — 
(Also cuprous sulfide, dicopper sulfide, fused black 
copper sulfide or copper glance; the mineral chalco- 
cite) 


Description: Copper(I) sulfide is a pyrotechnic fuel 
and blue color agent, primarily of historical interest. 
It is a dark grey, lustrous, crystalline solid or a black 
powder. 


Characteristic (a) 
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a) Code for reference source, see preface. 


Health Information: TLV -TWA 1 mg/m?as Cu. 
UN hazard classification: Non-hazardous. 


Pyrotechnic uses: Copper(I) sulfide was widely rec- 
ommended as an ingredient in blue and purple fires 
from 1843. In Great Britain, it fell from favor when 
the use of sulfur and sulfides in mixtures containing 
chlorates was prohibited in 1894. In the US, George 
Weingart (1871-1948) included it in his list of ingre- 
dients and gave instructions for its preparation (from 
scrap copper and an excess of sulfur, kept at a bright- 
red heat in acovered clay crucible for at least an hour). 
Despite this, Weingart presented only one composition 
containing it, a purple parade torch, presented below 
(Weingart, 1947). The use of copper(I) sulfide has 
since become commercially obsolete. 


Ingredient Parts by Weight 


the French pyrotechnist Frangois-Marie Chertier 
(17??-1855), who wrote of ‘sulfide of copper’: “This 
substance possesses two properties; it is a color agent 
and is also a very good fuel. It does not produce an 
intense color unless used in high concentrations and 
with the help of calomel or sal ammoniac. ... My best 
blue composition contains no other coloring sub- 
stance”. Some formulations given by Chertier are 
presented below. 


nero 


According to Chertier, formulations 1-6 produce 
pink, crimson, purple, green, blue and lilac colored 
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flames, respectively. He suggests formulations 2, 3, 5 
and 6 for use in stars, and formulations 2, 4, 5 and 6 
for use in lances. He also reports that formulation 3 is 
hygroscopic, and that formulations 2, 4 and 6 are 
non-hygroscopic. 


In 1872 the English pyrotechnist Charles Thomas 
Brock (1843-1881) stated that purple fires containing 
either ‘black Oxide of Copper’ or ‘black Sulphide of 
Copper’... “have a specially bad name for going off 
spontaneously”. 


COPPER SULFATE — See copper(II) sulfate pentahy- 
drate. 


COPPER(II) SULFATE, ANHYDROUS [CuSQO,] — 
{CAS 7758-98-7} — (Also anhydrous cupric sulfate) 


Anhydrous copper(II) sulfate was once used as a flame 
color agent for producing blue pyrotechnic flames. It is 
produced by heating copper(II) sulfate pentahydrate. 
Anhydrous copper sulfate is an off-white powder. 


Historical: Anhydrous copper(II) sulfate was one of 
the earliest flame color agents for producing blue py- 
rotechnic flames, but it was soon replaced by other 
copper compounds when it became obvious that it 
caused spontaneous ignition of compositions in which 
it was used. Anhydrous copper(II) sulfate reacts with 
water in moist air to form the pentahydrate, becoming 
very hot in the process. In addition, the pentahydrate 
is acidic. The combination of self-heating and the 
formation of an acidic product is a recipe for sponta- 
neous ignition when the mixture also contains a chlo- 
rate, as did all the early compositions in which anhy- 
drous copper(I) sulfate was used. 


COPPER(II) SULFATE—COPPER({II) HYDROXIDE 
(1/3) MONOHYDRATE — [CuSO4'3Cu(OH)2°H20] — 
{CAS 1344-73-6} — (Also basic copper sulfate, tri- 
basic copper sulfate, copper sulfate basic or fixed cop- 
per; the anhydrous form is the mineral brochantite) 


Copper(II) sulfate—copper(I]) hydroxide (1/3) mon- 
ohydrate is of historical interest as an early flame 
color agent for producing blue pyrotechnic flames. 
This compound can be prepared by precipitating a di- 
lute solution of copper(I) sulfate pentahydrate with 
freshly made lime water. It is a fine, bluish-green 
powder that is insoluble in water. 


Anexample of a composition for blue stars and ‘grains’ 
(i.e., small stars for adding to fountain and other 
compositions) is presented below (Chertier, 1836). 
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Ingredient Parts by Weight 


COPPER(II) SULFATE PENTAHYDRATE _ 
[CuSO4-5H20] — {CAS 7758-99-8} — (Also copper 
sulfate, cupric sulfate, Roman vitriol, blue stone or 
blue copperas; the mineral blue vitriol) 


Copper(II) sulfate pentahydrate was once used as a 
flame color agent. It is deep blue as crystals and light 
blue as a powder. 


Historical: Copper(II) sulfate pentahydrate was used 
in combination with copper(II) acetate monohydrate 
and ammonium chloride to impart a green color to al- 
cohol flames. These green flames were an impressive 
addition to firework displays in the late 18" and early 
19" centuries, before the introduction of colored py- 
rotechnic flame compositions based on potassium 
chlorate. Copper(II) sulfate pentahydrate is no longer 
used in pyrotechnic compositions. 


Characteristic (a) 


(d) = decomposes. (ef) = effloresces in air. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 1 mg/m? (as Cu dust, 
mist); TLV-TWA: 0.2 mg/m? (as Cu fume). 


UN hazard classification: PSN: toxic solid, inorganic, 
n.o.s. (cupric sulfate); HC: 6.1 — poison (UN3288). 


COPPER TETRABENZOPORPHYRAZINE — See cop- 
per(ID) phthalocyanine. 


COPPER(II) TRIHYDROXYCHLORIDE -— See cop- 
per(I]) chloride—copper(I]) hydroxide (1/3). 


COPRECIPITATION — See precipitation. 
CORD, DETONATING — See detonating cord. 
CORD, IGNITER — See igniter cord. 


CORDITE — See smokeless powder type. 
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CORD, LOWERING — See /owering cord. 
CORD, QUARRY — See igniter cord. 


CORE BREAK - (Also core burst) — Any aerial shell in 
which most of the break charge is in the center of the 
shell. Core breaking of aerial shells is an aid in 
achieving a relatively symmetric spread of the stars. 
Several techniques are used to achieve this effect. 


In spherical shells (illustrated below in cross section), 
the break charge is typically separated from the sur- 
rounding layer of stars by tissue paper. 


Break 
Charge 


Tissue 
Paper 
Separating 
Stars and 
Fuse Break 


In cylindrical shells, a metal tube, described as a can- 
ulle, is inserted centrally into the empty shell casing so 
that the canulle encloses the time fuse. Stars are then 
placed in the shell, consolidated, and then break charge 
is poured into the canulle. When the canulle is care- 
fully removed, the break charge remains primarily cen- 
trally located (as illustrated below in cross section). 


Stars 


Break 
Powder 


A core break can also be achieved with small paper 
or plastic bags of flash powder (i.e., a flash bag) or 
other break charge arranged in the center of the shell. 


CORE-BURNING GRAIN -— See propellant grain geom- 
etry (rocketry). 


CORE-BURNING ROCKET MOTOR — See rocket motor, 
core-burning and propellant grain geometry (rocketry). 


CORE BURST -— See core break. 


CORED-END BURNING GRAIN — See propellant grain 
geometry (rocketry). 
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CORED-END BURNING ROCKET MOTOR — See rock- 


et motor, core-burning. 


CORE EJECTION — The ejection of a motor mount 


tube or internal power pod (with its own recovery 
system) to change the center of gravity (CG) of a 
glider and/or to actuate changes in the geometry of 
the glider upon transition from its boost phase to its 
glide phase. In the simplest form, the power pod may 
only be the rocket motor with a streamer wrapped 
around it that is kicked out of a motor holder by an 
ejection charge, illustrated below. 


Boost CG 


Glide CG 


“ty Ejected Rocket Motor with Streamer 


CORK, EXPLOSIVE and CORK GUN - See explosive 


cork. 


CORK POWDER - (Also cork dust) — [processed bio- 


logical material] — A relatively inexpensive pyro- 
technic fuel occasionally used in fireworks; it is also 
used to make dust explosions and fireballs for special 
effects. It is a waste product produced during the 
manufacture of useful items made from cork (e.g., 
bottle closures, floats, insulation and floor tiles). 
Cork is a natural material that forms the pericambium 
in the bark of the Cork Oak tree (Quercus suber), 
from which it is harvested. Cork powder is a light 
brown, low-density powder. 


CORNING and CORNING MILL — See Black Powder 


manufacturing. 


CORONA (fireworks) — See girandola. 
COROZO POWDER - See ivory nut powder. 


CORRELATED COLOR TEMPERATURE — (Abbreviat- 


ed CCT) — See color temperature. 


CORROSION — Destruction or damage to an object 


(usually metal) by chemical reaction with materials in 
its surroundings. The rusting of iron is an example of 
corrosion. 
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In_pyrotechnics: In compositions containing water 
soluble oxidizers and metal fuels, corrosion can be 
especially problematic. In some cases, the only effect 
is the loss of the metal fuel by conversion to a nonre- 
active compound. For example, when unprotected 
cast iron is mixed with rough Black Powder to make 
a fountain, under typical conditions, the iron will be 
completely converted to rust within a matter of days. 
In other cases, it is possible that the thermal energy 
produced by the corrosion reaction can lead to a 
spontaneous ignition. For example, mixtures of un- 
protected aluminum powder and nitrates, in moder- 
ately large amounts and under moist conditions, have 
produced ignitions leading to explosion. 


CORROSION PASSIVATION -— (Also corrosion pacifi- 
er) — The treatment of a metal to produce a surface 
coating of some compound (often the oxide) of the 
metal to protect the underlying metal from corrosion. 
Aluminum and stainless steel are naturally passivated 
by exposure to air. Iron and steel can be passivated 
by bluing. A chemical used in this process may be 
described as a corrosion pacifier. 


In pyrotechnics: Magnesium and magnalium (1.e., al- 
loys of magnesium and aluminum) can be passivated 
by treatment with hexavalent chromium compounds 
such as various dichromates. (Hexavalent chromium 
compounds are carcinogenic.) Recently, effective, 
but less problematic, passivation has been demon- 
strated using ammonium vanadate [NH4VO,] or am- 
monium metamolybdate [(NH4)6Mo7O24] with the ef- 
fectiveness of these two chemical pacifiers greatly 
increased in the presence of ammonium dihydrogen 
phosphate [NH4H2PO,]. Aluminum-containing com- 
positions can also be passivated by the inclusion of a 
small amount of boric acid. 


In addition to chemical treatment, it is possible to use 
a barrier approach to pacification. Magnesium and 
iron in pyrotechnic compositions can be passivated 
by coating the metal particles with boiled linseed oil, 
polyester resin or magnesium stearate. 


CORROSIVE (industrial hygiene) — A substance that 
will destroy or irreversibly damage another substance 
with which it comes into contact. The main hazards 
to humans include damage to eyes, skin and tissue 
under the skin. Inhalation or ingestion of a corrosive 
substance can damage the respiratory and gastrointes- 
tinal tracts. The exposure of living tissue to a corro- 
sive substance results in a chemical burn. 


CORROSIVE TO METALS — See Globally Harmonized 
System of Classification and Labeling of Chemicals. 
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COSAQUE — See Christmas cracker. 


COSTON’S TELEGRAPHIC NIGHT SIGNAL — (Also 
Coston light) — A pyrotechnic system for nighttime 
signaling invented by B. F. Coston (ca. 1824-1848) 
and patented in the US in 1859 by his widow Martha 
J. (Hunt) Coston (1829-1902?) after she made it 
practical with the assistance of others. The invention 
is summarized as “The signalizing of any numeral, 
combination of numerals, or any character or combi- 
nation of characters, by a methodical exhibition of 
different pyrotechnic fires”. The signaled numerals or 
characters were to be converted to useful information 
by reference to a code book in which a large selection 
of statements, questions and answers were listed with 
corresponding numbers. 


These were hand-held flares (i.e., Coston lights). It 
had been Coston’s plan to use red, white and blue; 
since blue was impractical, green was substituted. 


A slightly modified version of the original code is 
shown below for the ten digits and the letters P and 
A. The P indicated a desire to communicate and that a 
signal was to follow; the A indicated that an answer 
to a received signal was about to be sent. Also, 
shown is a photograph of an actual case of Coston’s 
telegraphic night signals. 


Photo credit: SCA (1860-1865) Digital Collection 
www.civilwarsignals.org 


COUNTERMEASURE FLARE - See flare, military (in- 
frared flare). 
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COUNT TRACK (fireworks) — A verbal recording of 
counting by a person with an ascending count starting 
at zero and incrementing at one second intervals (e.g., 
zero, one, two, three, four, etc.). A count track can be 
useful in designing the choreography of an electrical- 
ly fired display. The process described below can still 
be used but was more nearly essential before com- 
puter programs for display scripting became available. 


The count track can be recorded on one track of a 
multi-track recorder, which, when listened to via 
headphones or speakers, provides a time reference. 
Then the soundtrack for the display’s music can be 
recorded on one or two other tracks, depending upon 
whether the soundtrack was in mono or stereo format. 
Work sheets in a grid format, laid out in one second 
increments can be used to log times (i.e., soundtrack 
moments) for the ‘cues’ or firing points for the fire- 
works in the display. By listening to the combined 
music and count track, the display designer can select 
those moments (to within half a second) when a fire- 
work effect is desired to appear. Then, by subtracting 
the time delay between the when the firework is ig- 
nited and the appearance of the effect (i.e., the aerial 
shell pre-fire time), its firing time is established. This 
fire time is when the actual firing direction (i.e., cue) 
will be recorded on another track (i.e., the cue track) 
of the multiple-track recorder. 


During the display performance, the soundtrack is de- 
livered to the audience and the cue track is delivered 
to the operator(s) electrically firing the display. 


COUPETTE — See flash bag. 
COUPLER (rocketry) — See body tube coupler. 


COUPLING - The efficiency of transferring energy 
from an explosive reaction to the surrounding medi- 
um. A higher degree of coupling corresponds to 
greater damage to the surroundings. 


COVALENT BOND -— See chemical bond and quantum 
theory (chemical bonds). 


COVALENT COMPOUND - See chemical compound. 

COVERT FLARE — See flare, military. 

COVOLUME — A correction accounting for the fact that 
at very high pressure (e.g., in a gun chamber) the 
volume occupied by molecules of a gas cannot be 


disregarded. Each propellant has a slightly different 
covolume value measured in volume per unit mass. 
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One of the differences between the ideal gas law and 
van der Waals gas law is that the ideal gas law does 
not include a correction for covolume. 


COYOTE BLASTING and COYOTE SHOOTING — 
Blasting using several relatively large charges of ex- 
plosives loaded into one or more small tunnels in a 
rock formation. 


CP — Abbreviation for: center of pressure and candle 
power. 


CPSC — Abbreviation for the Consumer Product Safe- 
ty Commission (US). 


CRACKER — A firework that makes a cracking or pop- 
ping sound. In the US, cracker may be used as an ab- 
breviated form of firecracker. In the UK, cracker is 
often used to mean a Christmas cracker or an English 
cracker. In Australia, the term ‘crackers’ was once 
commonly used for fireworks in general, especially 
for shop goods (i.e., consumer fireworks). 


CRACKER BALL - (Also ball type cap) — Over the 
years, cracker balls have taken two substantially dif- 
ferent forms. 


Historical: One type of cracker balls was small, approx- 
imately 3/8 inch (9 mm) in diameter, multicolored 
firework torpedoes or throw-downs, as shown below. 


These cracker balls were usually of Japanese manu- 
facture, made with a relatively thin shell of brightly 
colored paper, typically containing a combination of 
gravel and red explosive (i.e., a mixture of potassium 
chlorate and arsenic(I]) sulfide) as shown below. 
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Various size packages of cracker balls were sold over 
the years. There were 100 and 300-piece boxes con- 
taining individual 10-piece packages. A 10-piece cel- 
lophane package in the shape of a triangle was sold 
for many years, shown below on the left. 


Photo Credit: Randy and Michael Feldman 


While a delightful item, cracker balls were problem- 
atic because their physical appearance was too much 
like candy. Even with strong warnings on the external 
packaging (as shown below), small children tended to 
try to chew or otherwise eat them. 


CONTAINS EXPLOSIVE POWDER 


& DANGEROUS g& 
Keep Out of Reach of Children © 


AVOID HEAT AND SHOCK 
To Be Sold by the Box Only 


DO NOT PUT IN MOUTH 


EXPLODES ON IMPACT 
Mfd. by S. MANTSUNA & CO., Ltd., Tokyo, Japan 


Accordingly, the combined toxic chemical content and 
explosivity of cracker balls resulted in their being with- 
drawn from the US market. Apparently, cracker balls 
are still available in some countries, including Japan. 


Current: The term cracker ball is used to describe an 
entirely different type of device. These consumer fire- 
work items typically consist of a small plastic cup set 
fitted with thin visco fuse and containing a small bun- 
dle of primed crackling microstars (usually wrapped 
in soft paper). An example of this type of device is 
shown below. 
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CRACKER, CHRISTMAS — See Christmas cracker. 
CRACKERING BALL — See Dlaster bail. 
CRACKER MATCH - See match, cracker. 


CRACKER MINE — A firework 


mine loaded with English 
crackers, typically fired from a 
square mortar. The basic com- 
ponents of a cracker mine 
(adapted from Browne, 1888) 
are illustrated below, where 
first (on the right) is the mortar. 


Standard 


The mine was assembled in an 
open paper bag, of square 
cross-section, of the appropriate 
size for the mortar from which 
it was to be fired. To load the 
bag, a wooden former of square 
cross-section was inserted some 
way into it to provide support 
for the following operations. 
The assembly was then stood upright and layers of 
English crackers, arranged as illustrated below, were 
loaded on top of the former. 


STANDARD FIREWORKS 
HUDDERSFIELD 
MADE IN ENGLAND 


— 
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Pieces of black match were placed between the layers 
next to the primed ends of the crackers. When 
enough layers of crackers had been loaded, a paper 
bag containing the blowing charge (illustrated on the 
right) and fitted with a 
length of black match, 
was placed on top of the 
crackers, with the black 
match passing down be- 
tween the primed ends of 
crackers. 


The ends of the square bag were then folded neatly 
over the bag containing the blowing charge and se- 
cured with paste. The assembly was then turned over, 
the former was removed, and lengths of black match 
were passed down between the primed ends of the 
crackers to the blowing charge. Finally, a long piece of 
black match was passed down the center of the charged 
bag and its end was inserted into a long quick match 
leader. The ends of the mine bag were folded in, 
pushed up against the leader and secured with string. 


Upon firing, the mine projected all the crackers high 
into the air, where they produced a succession of 
small explosions. 


Jack-in-the-Box — A shop goods (i.e., consumer) 
firework that was originally a miniaturized cracker 
mine. The device takes its name from the children’s toy 
characterized by the sudden and surprising appear- 
ance of a spring-activated, puppet-like figure (often 
dressed as a clown) that pops out when the lid is 
opened. Like the toy, the primary case of the firework 
was square in cross-section. This case was closed with 
a square cardboard lid having a central hole to ac- 
commodate a cylindrical fountain case of much 
smaller cross section, and 
which projected a short 
distance from the middle 
of the lid. The other end 
of the fountain case was 
in contact with a small 
Black Powder blowing 
charge at the base of the 
primary case. The cylin- 
drical case was capped 
with touch paper for ig- 
nition. An example of a 
Jack-in-the-Box is shown 
on the right. 


When ignited, the central case produced a modest 
fountain effect, then there was a rather loud bang and 
English crackers (and often stars as well) were pro- 
jected into the air. 
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After the prohibition of English crackers, fireworks 
of the same appearance continued to be marketed, but 
instead of crackers they projected only stars. Occa- 
sionally so-called Jack-in-the-Box of this latter type 
were made with cylindrical cases, making the con- 
nection with the original design even more tenuous. 


CRACKER NIGHT — In Australia, the evening of May 
24, traditionally an occasion for setting off shop goods 
(i.e., consumer fireworks). Originally celebrated as the 
birthday of Queen Victoria, the day was subsequently 
designated Empire Day in honor of the British Empire. 
Over the years it became known as cracker night, and, 
like Guy Fawkes Night, disappeared in the late 20" 
century with the successive prohibition of consumer 
fireworks in the various Australian states. 


CRACKER SNAP - See snap, cracker. 


CRACKLE and CRACKLE EFFECT — A series of small 


snapping or popping sounds (i.e., small explosions) 
produced by a burning pyrotechnic composition. The 
most notable example of a crackle effect (one that is 
especially loud) is that produced by crackling mi- 
crostars. 


A few of the spark-producing materials used in fire- 
work compositions also produce a crackle effect (alt- 
hough nowhere near as loud as cracking microstars). 
For example, the 50:50 alloy of magnalium produces a 
distinctive crackling sound when burned. When 10 to 
15% coarse magnalium (12—20 mesh) is incorporated 
into a moderately hot burning composition (e.g., a 
mixture of potassium perchlorate and red gum), at 
close range, it produces a mildly loud and distinctive 
crackling sound. Somewhat similar crackling sounds 
are produced by granular titanium and zirconium. 


It is unclear exactly what physical mechanism causes 
magnalium spark particles to produce this crackling 
sound, other than it appears that particles of burning 
magnalium, when dispersed into the air, branch 
somewhat explosively (1.e., break into smaller spark 
particles). In the time-exposed photograph below, the 
two primary magnalium spark particles are seen en- 
tering from the upper right (A). This image is a su- 
perposition of a total of 14 images spanning an inter- 
val of 52 ms, wherein each breakup of the particles 
occurs during their last 8 ms. 
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So distinctive is the crackling effect of magnalium, 
that one can often identify its presence, by simply lis- 
tening to a composition burn. Also, it would appear 
that magnalium burning produces sounds that hu- 
mans are unable to hear. Dogs have been reported to 
respond to magnalium burning with anxious barking. 


Consumer firework fountains (described as crackle 
pots) are made using magnalium granules. In display 
fireworks, stars using this effect may produce more 
of a sizzling sound as they are experienced from a 
greater distance. Thus, the crackling effect produced 
by simply adding coarse magnalium to a star is not 
especially useful in producing an audible crackling 
sound in display fireworks because the sound will not 
be heard by many of the spectators. 


Coarse atomized magnesium (10-20 mesh) will pro- 
duce a somewhat similar effect to that of magnalium, 
producing a sound similar to that of frying bacon. 


CRACKLE STAR -— See crackling star. 
CRACKLING — See crackle. 


CRACKLING GRANULE and CRACKLING MICROSTAR 
— A firework microstar that produces a crackling mi- 
crostar effect, where an especially loud crackling 
sound (much like the explosion of a small firecrack- 
er) and a radiating burst of sparks is produced. Such 
granules are used to make various crackling fire- 
works, such as dragon eggs and crackling stars (used 
in both consumer and display fireworks). 


CRACKLING MICROSTAR EFFECT — (Also dragon 
egg effect) — A small, bright and remarkably violent 
explosion produced by tiny granules of a special 
composition. The crackling microstar effect can be 
roughly comparable to a string of small firecrackers 
because each granule produces a sharp report. 


The performance of a single crackling microstar is 
shown farther below in a series of images. In the first 


image, the microstar has been placed at the center of 
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small ceramic square and is about to be ignited using 
a Bunsen burner flame. In the second image, the 
granule has ignited and its prime burns for approxi- 
mately 0.3 second. In the third image, the granule is 
glowing slightly red as it undergoes a smolder reaction 
lasting approximately 0.2 second. The final three im- 
ages capture the explosive flash reaction of the granule 
spanning less than 0.05 second in total. 


Formulations for crackling microstars usually consist 
of lead(ILILIV) oxide, bismuth subnitrate or bismuth 
oxide as the primary oxidizer. In addition, lesser 
amounts of magnalium, copper oxide, sulfur, small 
amounts of potassium nitrate and a binder are used. 
Example formulations are presented below. The parti- 
cle size of the ingredients (especially the metal fuel) 
can greatly affect performance. 


Formulation — 
Ingredient | 


LILIV) oxide | 8: 


Copper(Il) oxide | 9 
All are bound using nitrocellulose lacquer. 


a) MgAl is 100 — 200 mesh. b) MgAIl is — 60 mesh. 
1) Klumac, 1990. 2 and 3) Jennings-White, 1992. 
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The individual crackling 
granules are typically coat- 
ed heavily with a prime 
composition, thus forming 
the crackling microstars. 
Photomicrograph of a 
crackling microstar that has 
been sectioned in two is 
shown at the right. The brownish, light-speckled 
composition approximately 0.06 inch (1.5 mm) in di- 
ameter (in the center of the microstar) is the crackling 
granule. The black composition surrounding it is the 
prime composition. 


CRACKLING POT -— See crackle effect. 


CRACKLING STAR — (Also crackle star) — Firework 
stars producing a crackling microstar effect that are 
used in both consumer and display fireworks. In con- 
sumer fireworks, the crackling stars will usually be 
tiny granules and produce only the crackling effect. 
(See images in crackling microstar effect.) In display 
fireworks, crackling stars will often be used as the 
core of color-changing stars, in which the crackling 
effect is the last effect. 


A traditional, but now rarely used, technique for 
making crackling stars was to make a small explosive 
star core that was coated with star composition. Then, 
as each star burns, it terminates with a sharp crack 
sound as fire reaches its core. The exploding star cores 
were made by rolling a small amount of a wet paste of 
either Armstrong’s mixture or red explosive into a 
small diameter roll of tissue paper. While still wet, the 
roll was then cut into short cylinders having a length 
and diameter of only a few millimeters. This tech- 
nique was labor intensive and handling large numbers 
of such stars was potentially quite hazardous. Fortu- 
nately, the development of other chemistry (the drag- 
on egg or crackling microstar effect) has resulted in 
crackling stars that are easier and safer to produce. 


Another technique briefly explored for producing 
round stars that terminate with a sharp crack sound is 
to use a small-arms primer as the star core, but this 
results in small fragments of metal raining down 
from the sky, which poses an eye safety hazard. 


CRACKLING WHIP -— (Also magic whip) — A type of 
consumer firework, in the form of a long tissue paper 
tube, producing a prolonged crackling microstar ef- 
fect when ignited. The typical construction of these 
items is shown in a series of images below. The first 
image shows one item as purchased. In this case, the 
crackling whip is moderately long and is rolled into a 
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coil. In other cases, the whip may be folded, accordi- 
on fashion, and packaged in a small box. 


ne 
_ 
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In the next image (below), the end of the item has 
been opened to expose its internal fusing. In addition 
to the short length of visco fuse used for ignition, a 
pair of Chinese tissue-paper fuses proceeds down the 
length of the firework to carry fire throughout the de- 
vice. 


sE#SEESuEsSEaT SEUEESuasatanasasaee 


Internal Fuse 


External Ignition Fuse 


oo ee 


The next image below is a tighter close-up of the in- 
ternal construction of the crackling whip, with the in- 
ternal fusing removed for a better view. The primed 
microstars (and some prime powder) are loosely ad- 
hered to a narrow strip of plastic tape. 


Microstars Plastic Tape 


The final image below shows of a number of crack- 
ling microstars ranging fairly wide in size from ap- 
proximately 0.05 to 0.15 inch (1.3 to 3.8 mm) that 
have been removed from the device. 
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One effective display use of the crackling whip is to 
hang a large quantity of them about a foot apart from 
a wire and ignite them simultaneously using quick 
match to produce a crackling cascade or waterfall ef- 
fect. This can be an entertaining display that is inex- 
pensive and not particularly labor intensive. Alterna- 
tively, crackling whips can be mixed with conven- 
tional waterfalls to produce an added effect. 


CRATER — The open cavity caused at the surface of a 
material when energy is released suddenly at or near 
this surface, such as the result of an explosion. Crater 
diameter and depth (for a given material) can serve as 
a measure of explosive power. 


CRAWFORD BOMB METHOD ~— See OP determina- 
tion, method for (strand burner method). 


CREEP — The slow, plastic deformation of a material 
when subjected, over a long period of time, to a 
stress that is less than that of the material’s yield 
point. The yield point in this case is that level of 
stress producing a deformation essentially immedi- 
ately or at least within a comparatively short period. 


CREMORA™ MINE and CREMORA™ pot — A pyro- 
technically driven (i.e., propelled) non-pyrotechnic 
flame effect. A mass of Cremora or similar high-fat, 
powdered-milk product (e.g., Calf-Mana™) is pro- 
jected into the air using a charge of Black Powder, 
where the Cremora is ignited and burns in air. The 
basic construction of a Cremora mine is illustrated 
below in cross section. 


Mortar 


Cremora 


Paper Separator 


Electric Match 
Leg Wires 
Black Powder 
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Because it is relatively easy to loft the charge of 
Cremora into the air, the mortar may be nothing more 
than a standard 5-gallon (19-L) plastic pail. One com- 
ponent that may be more important than it seems is the 
paper separator laid over the Black Powder. To achieve 
the rapid ignition and proper lifting action from the 
Black Powder, it is necessary to have this barrier sep- 
arating the Black Powder and the layer of Cremora. If 
the barrier is omitted, the fine-grained Cremora will 
likely filter down and rest in the space between the 
grains of Black Powder or even below the Black 
powder and will not be properly lifted into the air. 


The visual appearance of Cremora mines can be quite 
impressive. An example of three mines fired simulta- 
neously is shown farther below. 


Photo Credit: Steve McDanal 


Cremora mines are safer to use and more environ- 
mentally friendly than gas mines. 


CREST FACTOR — For the measurement of the average 


(or time-weighted) value of a parameter, the crest 
factor is the extent to which the instantaneous value 
of that parameter can exceed the instrument’s range 
and still provide an accurate average result. The crest 
factor is derived from the maximum scale reading of 
an instrument and the value of the input signal where 
electrical clipping occurs. 


For example, consider a measurement of sound pres- 
sure level using an instrument set to its slow response 
setting, which, having a time constant of 1 second, 
averages the instantaneous sound level over a period 
of about 3 seconds. With the instrument set to its 
120-dB scale, a crest factor of 40 dB indicates that 
the instrument’s reading will be accurate, providing 
any instantaneous (i.e., maximum peak) sound pres- 
sure level does not exceed 160 dB. 
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CRH — Abbreviation for critical relative humidity (see 
humidity). 


CRIMP — The bending or creasing of a material, usual- 
ly to either seal it or retain some other part. 


In_ fireworks: The act of tightly folding the paper 
wraps of a small diameter paper tube is sometimes 
described as crimping (while much the same opera- 
tion is performed on an aerial shell, as shown below, 
it is more likely to be described as pleating). 


The fuse ends of tiny firecrackers are often crimped 
circumferentially, whereas larger firecrackers are 
commonly crimped by folding over inner paper wraps 
of their tubes. Both methods are shown below. 


A choke for a fountain or gerb may be formed by 
mechanically crimping the tube of the device (see 
choke for some examples). Another method of fire- 
work crimping is described as dubbing-in. 


In explosives: A crimp is the circumferential depres- 
sion formed using a crimping tool near the open end 
of a plain detonator where it connects and seals to the 
safety fuse ss seeds 


Similarly, the circumferential depression in the deto- 
nator shell (i.e., casing) that secures a sealing plug or 
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sleeve into an electric or non-electric detonator is a 
crimp (shown below). 
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The tightly folded ends of a waxed-paper isles 
cartridge are described as having been crimped (shown 
below). 


Photo credit: David Johnson (www. miningartifacts.org) 


CRIMPING TOOL — A pliers-like or bench-mounted 


tool used to put a crimp into a tube or other material. 


In explosives: A crimping tool is frequently used to 
seal blasting safety fuse into the open end of a fuse 
cap (i.e., a plain detonator). The tool often includes a 
fuse cutter and a cartridge punch. Such a tool is 
shown below. 


The opening in the tool’s head (A) nearest its fulcrum is 
a blasting safety fuse cutter. Opening A closes com- 
pletely as the lever arms of the tool are brought togeth- 
er. The larger outer opening (B) is the crimping part of 
the tool and only closes part way to make a crimp in 
the detonator as the lever arms of the tool are brought 
together. The upper lever arm of the tool has a round- 
ed shape that terminates in a point (C). This can be 
used to pierce a hole into or through a cartridge of 
explosive to allow for the insertion of a detonator. 


CRISSCROSS COMET, CRISSCROSS EFFECT and 


CRISSCROSS STAR -— See French split. 
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CRITERION SOUND LEVEL — In the US, a sound pres- 
sure level of 90 decibels (A-weighted). An exposure 
to 90-dBA noise for 8 hours corresponds to a 100% 
noise dose for an employee. Higher noise levels are 
allowed providing they are for shorter periods (see 
noise exposure, permissible). 


CRITICAL DIAMETER — The minimum diameter of a 
high explosive in which a detonation wave can be 
sustained under specified conditions. 


CRITICAL FLOW — (Also choked flow) — Critical flow 
occurs when the velocity of gas through an orifice 
reaches the speed of sound for that gas under the 
conditions existing at that point. It is described as 
critical flow because the velocity of a gas passing 
through a restriction may never exceed the local 
speed of sound. 


In rocketry: A well-designed rocket produces critical 
flow through its nozzle throat. As the gases flow 
through the convergent section of the nozzle, they are 
accelerated until they reach Mach | at the throat of 
the nozzle, where a sonic shock wave 1s created. This 
shock wave acts as a barrier between the combustion 
chamber and anything happening downstream of the 
nozzle’s throat. As the nozzle again allows the gases 
to expand in its divergent section, the gases are ac- 
celerated to velocities in excess of Mach 1. 


Critical flow occurs when the ratio of chamber pres- 
sure (P,) and throat pressure (P;) are equal to: 


a 
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Here, y is the heat capacity ratio of the mixed ex- 
haust gas. 


Critical flow can also occur through a simple hole in a 
plate and so may occur in simple rocket motors where 
there is no controlled exit expansion in the nozzle. 


CRITICAL HUMIDITY — See humidity. 


CRITICAL MASS (pyrotechnic) — The amount of a py- 
rotechnic material that is sufficient to cause an explo- 
sion without external confinement. One problem with 
the critical mass concept is that it is highly dependent 
on the configuration of the pyrotechnic material. The 
diameter and depth of the material, and the method of 
its ignition, can greatly affect whether the material will 
merely burn rapidly or explode powerfully. The subject 
is discussed further in the entry inertial confinement. 
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For coarse granulations of Black Powder in a single 
large pile or a stack of 25-pound (11-kg) plastic bags, 
the critical mass is sometimes reported to be roughly 
500 pounds (225 kg). For medium-fine granulations 
and depending in the method of ignition, the critical 
mass can be very much less. The result of a 9-pound, 
unconfined pile of 2Fg Black Powder ignited with an 
electric match located centrally at the bottom of the 
pile is shown below. The image was captured from a 
video recording approximately 0.1 second after igni- 
tion, at the time of the maximum diameter (approxi- 
mately 30 feet, 9 m) of the fireball. 


In this case, an explosion occurred that was sufficient- 
ly powerful to seriously bend a piece of 0.25-inch (6- 
mm) steel plate used to support the Black Powder. 


For some flash powders, the critical mass can be a 
fraction of an ounce (i.e., a few grams). For Arm- 
strong’s mixture, the critical mass can be a small 
fraction of a gram. 


CRITICAL PRESSURE (rocketry) — The pressure in the 


nozzle throat for which the isentropic weight flow 
rate is a maximum. Mathematically this is defined as: 


x 
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Here, P; is throat or critical pressure; P. is chamber 
pressure and y is the heat capacity ratio of the mixed 
exhaust gas. This is the pressure at and above which 
the gas velocity in the nozzle throat achieves the local 
speed of sound (i.e., sonic velocity). 


CRITICAL REYNOLDS NUMBER — An experimentally 


determined Reynolds number at which some signifi- 
cant change occurs for an object (e.g., the transition 
between /aminar flow and turbulent flow). 


CRITICAL TEMPERATURE — The temperature above 


which distinct liquid and gas phases of a substance do 
not exist; and above which a gas cannot be liquefied 
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by increasing the pressure. Above the critical temper- 
ature, the properties of the gaseous and liquid phases 
are the same; thus, there is only one phase above the 
critical temperature. 


CRITICAL TEMPERATURE (explosive) — See thermal 
runaway temperature. 


CRITICAL THROAT VELOCITY — The sonic velocity 
(i.e., the speed of sound for local conditions) at the 
throat of a choked nozzle. (See critical flow.) 


CRITICAL VELOCITY — See exhaust velocity. 
CROAKER - See screecher. 
CROCUS POWDER - See iron(II) oxide. 


CROSSETTE or CROSSETTE COMET — See comet, 
crossette. 


CROSSING STAR — See French split. 


CROSS-LINKED, DOUBLE-BASE PROPELLANT —See 
propellant type. 


CROSS-LINKING AGENT — A liquid chemical agent that 
forms chemically-bonded cross-links between prepol- 
ymers, which then polymerize to form polymers. In 
pyrotechnics, crosslinked polymers are used as bind- 
ers in composite propellants (see propellant type). 


CROSS MATCH (noun) — Typically a thin piece of 
black match used to help ensure the ignition of an 
aerial shell’s Bickford-style time fuse. One method of 
cross matching is accomplished by punching a hole 
through the time fuse, and then inserting a thin strand 
of black match through the hole. This is illustrated in 
the cross-sectional drawing and shown below. 


Cross 
Match 


Pasted 
Paper 
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As an alternative to black match, some have attempt- 
ed to use other types of fuse, such as igniter cord, but 
these other fuse types are a poor alternative to black 
match because of their high rate of failure to ignite. 


This same cross matching technique is also common- 
ly used to ensure ignition of an aerial shell’s contents 
on the inside of the shell. That is because the end spit 
from the time fuse is not always sufficiently reliable 
in igniting flash powder or the shell’s break charge. 


An electric drill should not be used to drill a hole in 
the time fuse. It is thought that the asphaltum or other 
waterproofing layer in the time fuse can be smeared 
over and disturb the powder core, which may hinder 
ignition of the time fuse. Although cross matching is 
time consuming, most manufacturers continue to use 
this technique because of its high reliability in the ig- 
nition of Bickford-style time fuse. 


As an alternative to punching a hole through the time 
fuse, it can be slit open longitudinally with a sharp 
knife, the cross match is placed across the slit, and then 
the time fuse is tied back together above the cross 
match. This method of cross matching is shown be- 
low for a spherical shell with redundant fusing. 
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CROSS MATCH (verb) — (Also cross matching) — The 
operation of installing a cross match (i.e., a segment 
of black match) through a Bickford-style time fuse. 


CROSS SECTION (illustration) — (Also section) — A 
view of an object that has been cut, or sectioned, 
(usually, but not always, in imagination). The pur- 
pose is to present a plane surface view without dis- 
ruption of any internal structure and presented for 
viewing with the cut surface facing the observer, thus 


revealing the internal configuration or construction of 


the object. A model of a Japanese warimono shell is 
shown below in cross section. 


Three views of a core-burning rocket motor, shown 
in cross section, are illustrated below. 


Fire Hole 
Top Plug 
as a’ 
Pyrotechnic 
Composition 
<— Motor 
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A cross section can usually be designated as being ei- 
ther longitudinal or transverse. In a longitudinal cross 
section, the plane of the section is through the long 
axis of the item (such as illustrated above, left). In a 
transverse cross section, the plane of the section is 
through an axis at 90° to the long axis of the item 
(such as illustrated above, right). 


CROSS SHELL -— See aerial shell name and description 
(specific). 


CROWD CONTROL — An authoritative and organized 
effort to prevent the public and unauthorized persons 
from entering designated areas before, during and af- 
ter a firework display, an amateur rocket launch or a 
performance using pyrotechnic special effects. 


CROWD-CONTROL MONITOR (fireworks) — (Also 
monitor) — A person designated to keep the audience 
outside the secured area of the firework display site. 
Monitors are usually positioned around the periphery 
of a display site. They are usually provided by the 
sponsor of the display, but they need to be instructed in 
the proper performance of their duties by the display 
operator. It is appropriate for the monitors to be in 
ready communication with the display operator, often 
by radio or cell phone. In this way, the monitors can 
inform the operator if there is a loss of crowd control. 


CROWN CHRYSANTHEMUM -— See aerial shell name 
and description (specific). 


CROWN WHEEL - See girandola. 


CRYOGENIC FLUID — A liquid having an especially low 
boiling point. Commonly this boiling point is at or 
below —150 °C (-240 °F or 123 K) at atmospheric 
pressure (14.7 psia, 101.3 kPa). 


The liquid nitrogen used to produce some fog effects 
has a boiling point of — 196 °C and is an example of a 
cryogenic liquid. 


CRYOGENIC FOG MACHINE — See fog machine. 


CRYOGENIC PROPELLANT — A rocket fuel, oxidizer, 
or propulsion fluid that that must be kept at very low 
temperature to remain liquid. The most common cry- 
ogenic propellants are liquid hydrogen and liquid ox- 


ygen. 


CRYOLITE — See sodium hexafluoro-aluminate. 


CRYSTAL — A solid that consists of atoms, molecules 
or ions in a three-dimensional arrangement that re- 


Page 341 


peats itself regularly. This repeating arrangement can 
occur when the solid is formed from the evaporation 
of a solution (e.g., salt crystals), from the cooling of a 
melt (e.g., metals and many minerals) or from the 
sublimation of a gas (e.g., snow crystals). 


CRYSTAL DENSITY — See density (theoretical maxi- 
mum density). 


CRYSTAL LATTICE — The three-dimensional geomet- 
ric arrangement of the atoms, molecules or ions that 
constitute a crystal. 


CRYSTALLIZED VERDIGRIS — See copper(II) acetate 
monohydrate. 


CRYSTAL PROPERTY — EFFECT ON BURN RATE — 
See burn rate, factor affecting (crystal effect). 


CS — Abbreviation for 2-chlorobenzal-malononitrile, a 
riot control agent and chemical smoke (See grenade 
(tear-gas grenade).) 


CSA — The abbreviation for the Canadian Standards 
Association. 


C-SLOT GRAIN and C-SLOT ROCKET MOTOR — A 
propellant grain and a rocket motor using a single 
grain with C-slot geometry. (See propellant grain 
geometry (rocketry)). 


C STAR (C*) — See exhaust velocity. 


CSXT — Abbreviation for the Civilian Space EXplora- 
tion Team. 


CTPB — The abbreviation for carboxy-terminated 
polybutadiene. 


Cu — The symbol for the chemical element copper. 


CUBANE — A synthetic hydrocarbon with a box-shaped 
structure consisting of eight carbon atoms [CsHg]. 
Some cubane derivatives have potential as very stable 
and powerful explosives, for example, tetranitro- 
cubane. 


CUBE STAR and CUBIC STAR — See star and star 
manufacturing (cut star). 


CUBIC CENTIMETER — (Symbol: cc or cm’) — A met- 


ric, but not strictly SI, unit of volume corresponding 
to one milliliter (mL). The unit is still widely used in 
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the medical field and in the measurement of density, 
with units of grams per cubic centimeter (g/cm’). 


Multiply @ To Obtain 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


CUBIC NITRE — See sodium nitrate. 


CUE — A signal (oral or electrical) to initiate an action. 
In fireworks, the action may be the firing of a pyro- 
technic device in a performance. 


CUE LIST (fireworks) — (Also aerial shell firing se- 
quence, shot sheet or script) — The order in which 
aerial shells (or other devices) will be fired during a 
firework display. This information is key in any at- 
tempt at planned choreography of the display and 
may be provided as part of the display permit appli- 
cation process (see performance plan). 


CUE TRACK (fireworks) — Recorded information used to 
synchronize the electric firing of devices (generally 
aerial shells) ina choreographed firework display. The 
cue track may consist of electronic signals that are 
sent to an automated firing unit used to discharge the 
fireworks, or it may be a series of verbal instructions 
sent to the operator(s) of manual firing control units. 


Usually, verbal firing cues will be issued in pairs, 
first is the preparatory command (e.g., ‘ready 22’) 
telling the operator that circuit 22 is about to be fired. 
This is followed by a command of execution (e.g., 
‘fire’) issued at the precise moment when the firing 
of circuit 22 is to occur. Using a method such as this 
helps by giving the firing operator a moment to pre- 
pare and locate the needed circuit, which facilitates 
more precise timing of the actual firing. 


CUMULATIVE PROBABILITY — See normal distribution. 


CUPRIC ACETATE MONOHYDRATE — See copper(II) 
acetate monohydrate. 


CUPRIC AMMONIUM CHLORIDE DIHYDRATE — See 
ammonium copper(II) chloride dihydrate. 


CUPRIC ARSENATE — See copper(II) arsenate tetra- 
hydrate. 


Encyclopedic Dictionary of Pyrotechnics 


CUPRIC ARSENITE — See copper(II) arsenite. 
CUPRIC BENZOATE — See copper(II) benzoate. 


CUPRIC CHLORIDE DIHYDRATE — Sce copper(II) 
chloride dihydrate. 


CUPRIC OXALATE — See copper(II) oxalate hemihy- 
drate. 


CUPRIC OXIDE or CUPRIC OXIDE BLACK -— See cop- 
per(IL) oxide. 


CUPRIC OXYCHLORIDE — See copper(II) chloride— 
copper(II) hydroxide (1/3). 


CUPRIC SULFATE — See copper(II) sulfate pentahy- 
drate. 


CUPRITE — See copper(I) oxide. 

CUPROUS ACETYLIDE — See copper(I) acetylide. 

CUPROUS CHLORIDE — See copper(I) chloride. 

CUPROUS OXIDE — See copper(I) oxide. 

CUPROUS SULFIDE — See copper(I) sulfide. 

CUP SET — Usually, a pair of relatively thin pieces of 
tagboard formed into the shape of short thimbles. 
They are made so that one piece fits snugly into the 
other, forming a small container that is roughly % to 
1 inch (13 to 25 mm) in diameter, depending on the 


size of the cup set chosen. Cup set examples are 
shown below. 


Cup sets have a wide variety of uses from making 
now illegal exploding devices to a variety of legal 
items. In the past, cup sets were often filled with a 
flash powder, coated with a sawdust and sodium sili- 
cate mixture, and had a fuse glued in place to make a 
cherry bomb (shown below, left). Although unusual, 
the larger cup sets can be used to make even larger 
exploding items, sometimes described as plum bombs 
(below, right). Although plum bombs were never 
made commercially and continue to be illegal, they 
occasionally show up on the illegal market. 
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Cup sets were also used to make firework torpedoes 
(shown below) that, when strongly impacted on a 
hard surface, would explode powerfully. In this case, 
the cup set was loaded with a mixture of fine gravel 
and an especially sensitive explosive. The explosive 
sometimes was silver(I) fulminate, Armstrong’s mix- 
ture or red explosive. In the US, torpedoes were usu- 
ally made using a mixture of potassium chlorate and 
antimony sulfide. 


At present, cup sets are most commonly used to make 
smoke balls, a consumer firework (shown below). 
These are made much like cherry bombs, except that 
the filling is a smoke composition. 


Hse 
Cup set halves can be used in place of end plugs to 
close the ends of appropriate-sized cardboard tubes 
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for many types of fireworks. Cup set halves can also 
be used to contain various types of slow-burning py- 
rotechnic composition. In the example shown below, 
the consumer firework items contain a strobe compo- 
sition and are referred to as strobe pots (see strobe). 
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Recently, plastic cup sets are being used for consum- 
er firework items shown below that produce a crack- 
ling micro-star effect. These may also be described as 
cracker balls. 


CURE (chemical) — The process of changing a liquid or 
slurry into a solid as a result of chemical bonding or 
polymerization. For example, in rocketry, the fuel- 
binder portion of composite propellants cures to a 
solid elastomeric state to form the fuel grain. 


CURE AGENT — A material added to a polymerizing 
resin to initiate its cure. For example, methyl ethyl 
ketone peroxide is commonly used as the cure agent 
for polyester resins. 


CURE TIME — The time required for the polymerization 
of a resin or elastomer to have progressed to the ex- 
tent required for the material to attain its desired con- 
sistency. 


CURRENT LIMITING DEVICE (electrical firing) — An 


electric or electromechanical device that limits cur- 
rent amplitude, duration of current flow or total ener- 
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gy of the current delivered to an electric firing circuit. 
Current-limiting devices (e.g., a resistor and/or LED) 
are used to limit the flow of current in firing units 
having a circuit continuity test mode. 


CURVE — See profile. 


CUTOFF (blasting) — A type of misfire in which some 
explosive is left un-detonated as a result of the explo- 
sion of an adjacent charge. This may be because its 
initiating line was severed in the process of the blast. 


CUTOFF (rocketry) — (Also cut-off) — As an adjective, 
the conditions determining when some action occurs 
or is to be taken; for example, identifying a rocket as 
having reached first-stage cutoff velocity. As a noun, 
the device used to shut down or stop something; for 
example, a valve might be identified as the oxidizer 
cutoff. As a verb, cutoff describes the action taken to 
shut down, stop or limit a process; for example, the 
action of shutting off the fuel flow to a rocket engine. 


CUT STAR — See star and star manufacturing. 
CUTTING FUSE -— See fuse cutting, pyrotechnic. 


C-WEIGHED (sound) — (Also C-weighting) — See 
sound pressure level measurement. 


CYANOACRYLATE (adhesive) — (Abbreviated CA) — 
(Also Super Glue™, Loctite Quick Set 404™ or Kra- 
zy Glue™) — A strong, fast-setting adhesive based on 
ethyl cyanoacrylate {CAS 7085-85-0}. It hardens by 
polymerization in the presence of water and is effec- 
tive on almost all clean, dry surfaces. Ordinary cy- 
anoacrylate adhesives have poor gap-filling qualities, 
but special gap-filling gel formulas are available. 


CYCLONITE — See hexahydro-1,3,5-trinitro-1,3,5- 
triazine. 


CYCLOTETRA-METHYLENE-TETRANITRAMINE — 
[C4HgNsOs] — {CAS 2691-41-0} — (Also HMX, oc- 
togen or tetraaza-cyclooctane) 


Cyclotetra-methylene-tetranitramine (HMX) is a ni- 
tramine (i.e., an aliphatic) high explosive. It is 
somewhat heat resistant and has one of the highest 
detonation velocities. HMX is colorless as crystals 
and white as a powder. 
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Characteristic (a) 


a) Code for reference source, see preface. 
b) At a density of 1.9 g/cm®. 


CYCLOTOL — Any member of the family of explosive 
compositions based on differing proportions of RDX 
(hexahydro-1,3,5-trinitro-135-triazine) and TNT (tri- 
nitro toluene). Mixtures of approximately 60% RDX 
and 40% TNT are referred to as Composition B. 


CYCLO-TRIMETHYLENE-TRINITRAMINE — See /ex- 
ahydro-1,3,5-trinitro-1,3,5-triazine. 


CYLINDRICAL AERIAL SHELL — (Also canister shell 
or Italian-style aerial shell) — A type of aerial shell 
constructed in the shape of a cylinder of varying di- 
ameter and length; an example is shown below. 


Cylindrical aerial shells range in size from less than 1 
inch to more than 12 inches (25 to 300 mm) and pro- 
duce star patterns that range from approximately 30 to 
500 feet (9 to 150 m) in diameter for hard-breaking 
shells. Today, the most commonly used cylindrical 
shells range from 2% to 6 inches (63 to 150 mm). 
They produce star patterns that range from approxi- 
mately 100 to 300 feet (30 to 90 m) in diameter. 
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Although there are many different types of cylindrical 
shells, they can be divided into two broad categories: 
single-break shells and multibreak shells. A single- 
break shell consists of a single device (i.e., break) 
that produces a single primary explosion of effects 
(e.g., stars, a flash powder explosion or inserts) dur- 
ing the shell’s performance. 


Single-break shell: The internal construction of a sin- 
gle-break, bottom-fused aerial shell is illustrated be- 
low in partial cross section. This shell has a core 
break, in which most of the break charge is located in 
the central core of the shell, which improves the 
symmetry of its starburst pattern. 


Shell Leader 


Firework Fise 
Stars 
Break Charge 
Time Fuse 


Lift Charge 


In contrast, some cylindrical shells are top-fused aer- 
ial shells, especially large-caliber, single-break shells 
and multibreak shells. 


Multibreak shell: A multibreak aerial shell consists of 
two or more stacked devices (i.e., breaks) that ex- 
plode sequentially during the shell’s performance. 
Each break in a multibreak cylindrical shell is ignited 
by a separate time fuse. After the first break, each 
succeeding fuse is ignited by the fire from the explo- 
sion of the preceding break. The manufacturer adjusts 
the timing of each break depending on various fac- 
tors, such as the content of the break and the overall 
expected altitude of the break. For example, the last 
break of a six or seven-break shell may be rather 
close to the ground when it explodes, if so, it must 
contain relatively quick-burning effects (often a sa- 
lute described as a bottom shot). 
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The basic internal construction of a three-break shell 
is illustrated below in cross section. 


Stars 


Initial 


Powder Core 


> Intermediate 
Spolettes 


Salute 
Powder 


Bottom 
Shot 


This is a top-fused shell using spolettes. The illustra- 
tion does not include many details such as the lift 
charge, shell leader fuse and spiking. 


Burst pattern: The display produced by a cylindrical 
shell is typically less symmetric than that produced 
by a spherical shell. A moderately weak-breaking cy- 
lindrical shell is shown below in a time sequence. 


Often this lack of symmetry is partly because the break 
charge is distributed randomly through the interior of 
the shell, as illustrated below in cross section. 
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Another reason for poor symmetry is that it is nearly 
impossible to construct a cylindrical shell casing that 
is equally strong in all directions, such that the casing 
would tend to fail uniformly in all directions. This 
problem is exacerbated when the shell is only made to 
explode weakly as shown in the previous shell break 
example. Nonetheless, remarkably spherical (i.e., 
symmetric) breaks can be achieved with cylindrical 
shells when manufactured by experienced and skilled 
craftsmen, who place the break charge in the center 
of the collection of stars (i.e., a core break) and who 
expertly wrap and string (i.e., spike) the shell. 


The cylindrical style of construction may have great 
complexity provided by internally timed effects, and 
the duration of its display may be longer than is typi- 
cal for spherical shells. Brief descriptions of some 
common types of cylindrical shells (and spherical 
shells) can be found in the entry aerial shell name 
and description (specific). 


CYLINDRICAL AERIAL SHELL FINISHING — After hav- 


ing loaded the contents of acylindrical shell, it must be 
finished to prepare it for use. Finishing typically con- 
sists of applying string in a pattern around the shell 
(described as spiking), applying a final wrap of paper 
(the paste wrap), adding a lift charge and fastening a 
length of quick match (i.e., the shell leader) that will 
be used to ignite the lift charge. In bottom-fused 
shells, this is a rather simple and quick procedure. 


With top-fused shells, the quick match shell leader is 
typically fastened securely to the time fuse before it 
continues (as the passfire) down the side of the shell to 
reach the lift charge. The method of fuse attachment 
depends on the type of time fuse used on the shell. If a 
Bickford type of fuse is used, the time fuse is typically 
cross matched, and the shell leader is tied with a short 
piece of twine, so it makes good contact with the 
cross match. If a spolette time fuse is used, the leader 
itself may be firmly tied to the spolette or to a second 
short piece of black match that is positioned at the 
top of the spolette to reliably communicate fire from 
the shell leader to the powder core of the spolette. 
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CYLINDRICAL CASE FORMER -— Typically, a plastic, 
wooden or metal form of a suitable diameter for 
hand-rolling cylindrical shell casings or other convo- 
lute-wound tubes. A collection of 3 to 6-inch (75 to 
150 mm) case formers is shown below. 


Common case former diameters for various size aeri- 
al shells are presented below. 


Shell Size 382 Rene Diameter 


CYLINDRICAL CASE FORMING — A cylindrical shell 
casing can be made by placing a case former near one 
end ofa suitably-sized strip of kraft paper, bringing the 
end of the paper tightly around the former, and then 
rolling the former down the strip of paper to form a 
thin-walled tube (1.e., a shell casing) as shown below. 


The wraps of paper are held in place with glue or 
tape. Following this, an end disk is inserted into the 
open end of the paper wraps. Then, the paper extend- 
ing past the end disk is folded over the disk, and 
glued or taped in place, as shown below. 


Encyclopedic Dictionary of Pyrotechnics 


If desired, this first end disk may have a time fuse(s) 
or a spolette already installed, but it is more common 
for the fusing to be installed in the disk on the oppo- 
site end of the shell casing after the contents of the 
shell have been loaded. 


Following the closure of one end of the thin-walled 
paper shell casing (B, shown below) and its removal 
from the case former, it is common to install a suitable 
number of wraps of chipboard liner (A) to strengthen 
the casing wall. 


SEEN 


At this point the shell casing is ready for its contents 
to be loaded prior to cylindrical aerial shell finishing. 


CYLINDRICAL FOUNTAIN — See fountain type. 


CYLINDRICAL STAR — See star and star manufactur- 
ing (fireworks) (pressed star). 


CYSTOGEN — See hexamethylene-tetraamine. 
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DAHLIA SHELL — A shell displaying a symmetric burst 
of especially bright stars. Originally, the stars in dahlia 
shells were quite large and relatively few in number. 
Today, the size, color and number of stars vary, as well 
as the presence of trailing effects and the strength of 
the shell break. In the example shown below, the break 
is quite hard (1.e., powerful) and the stars burn bright 
white while producing a trail of bright, white sparks. 


Photo Credit: Eldon Hershberger 


Contrary to the above example, often the forcefulness 
of the break of a dahlia shell will be less powerful, 
the number of stars will be fewer and the stars will 
not produce a trail of sparks. There is often little dif- 
ference between a shell described as a dahlia and an- 
other described as a chrysanthemum or peony, other 
than the brightness of the stars. (See aerial shell name 
and description (specific).) 


DAISITE — See thermite. 


DALTON (atomic mass) — A unit of mass, favored by 
some workers in mass spectrometry. It was named after 
the English chemist and physicist John Dalton (1776- 
1844). It is equivalent to the unified atomic mass unit 
(i.e., one dalton is one-twelfth the mass of one atom 
of the most common isotope of carbon ['*C]). Despite 
its common usage, the dalton is not approved as a unit 
by international standards authorities. 


DAMP OR DAMPEN (verb) — To suppress vibrations 
(mechanical) or oscillations (electrical) by converting 
that energy to heat or some other form of energy. Damp 
(dampen) may also mean to muffle or deaden a sound 
or noise, often accomplished by wrapping or insulat- 
ing the source of the sound. Dampen may also mean 
to add liquid (often water) to a dry substance. 


DAMPING, PARTICULATE — See particulate damping. 
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DARK — See aerial shell name and description (specific). 
DARK FIRE or DARK FUSE -— See color-change relay. 


DARK FLASH - See flash powder type (firework flash 
powder). 


DARK IGNITER — An ignition material, similar to color- 
change relay, that produces low light levels while 
burning. Also, a composition used in a tracer to pro- 
vide a period of darkness between its ignition and the 
production of a visible flame for tracking the projec- 
tile. The use of a dark igniter composition on tracers 
is a counter measure that helps to conceal the exact 
point of origin of the firing. 


DARK PRIME - See color-change relay. 


DARK PYRO ALUMINUM - See aluminum powder de- 
scription; aluminum powder manufacturing method 
and aluminum, German dark. 


DARK REPORT and DARK SALUTE - See salute pow- 
der and aerial shell name and description (specific). 


DATE-SHIFT CODE — (Also date/plant/shift code) — 
Markings applied to completed units of explosives 
for the purpose of identification. This information is 
useful in instances where explosives are stolen and/or 
used in crimes, and it is required in the US. 


In the US, the Institute of Makers of Explosives has 
adopted the use of an eight-character code for explo- 
sives identification. The first six characters identify the 
date of manufacture, where the first two characters 
numerically identifying the day, the next two alpha- 
betic characters identifying the month and the next two 
numeric characters identifying the year. For example, 
explosives manufactured on January 12, 2010 would 
be identified with a code beginning with 12JA10. The 
next alphabetic character identifies the plant in which 
the manufacture occurred, and the final numeric char- 
acter identifies the work shift of the manufacture. 


D’AUTRICHE METHOD, DAUTRICHE METHOD and 
DAUTRICHE TEST— See VOD determination, meth- 
od for. 


DAY BOX — (Also carry box) — A small, and sometimes 
portable, magazine used for short-term storage of py- 
rotechnic or explosive materials or devices. Also, such 
a magazine sometimes used for the short distance 
transportation of pyrotechnic or explosive materials or 
devices. (See magazine type (US) (type 3 magazine).) 
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DAYLIGHT SHELL — See aerial shell name and de- 
scription (specific). 


DAY-NIGHT SIGNAL — A device that produces both light 
and smoke as a signal, typically used to identify a lo- 
cation. Often these devices are a combination of two 
devices, a ground flare and a pyrotechnic smoke gen- 
erator, ina single package. With such devices, the user 
has the option of activating its two halves individually 
to produce light or smoke, or both can be activated. 


With the two formulations based on red phosphorus, 
presented below, the burning composition produces 
both light and smoke at the same time. 


Formulation —| Parts by Weight ® 
Ingredient | (1 (2) 


[esvessosonscsecsneenssnstenseoead 


a) Rounded to the nearest whole percent. 
1) Ellern, 1968. 2) Davies, 1999. 


In composition 1, heat generated by the reaction of 
magnesium and phosphorus with manganese(IV) ox- 
ide vaporizes the excess red phosphorus, generating a 
plume of phosphorus vapor that ignites on contact with 
air. This produces both light and phosphorus(V) oxide 
smoke as areaction product. In composition 2, some of 
the phosphorus reacts with calcium sulfate in a com- 
plex reaction that generates phosphorus sulfide vapor 
as one of the combustion products. This vapor and the 
vapor of excess phosphorus burn in the air to gener- 
ate light and smoke. The oxalic acid is added to gen- 
erate additional gas (as it decomposes) to increase the 
rate of emission of combustible vapor from the device. 


Bismuth subnitrate has been proposed as an ingredient 
in flare compositions that simultaneously produce yel- 
low smoke and yellow flame. The compositions (Tan- 
ner, 1980) consisted of 65 to 85% bismuth subnitrate, 5 
to 35% of either magnesium or silicon, and 5 to 13% 
epoxy resin binder. A preferred composition, said to 
burn with a vigorous yellow flame and an excellent 
volume of yellow/white smoke, is presented below. 


Parts by Weight 


Encyclopedic Dictionary of Pyrotechnics 


DAY-NIGHT MARINE SIGNAL — See marine signal 
(day-night marine signal). 


dB — Symbol for decibel. 


dB(A), dB(B), dB(C) and dB(LINEAR) — Symbol for 
decibel using the A, B, C-weighted or linear scale, 
respectively. See sound pressure level measurement. 


DBP -— See dibutyl phthalate. 
DCM - Abbreviation for dichloromethane. 
DDNP — Abbreviation for diazo-dinitro-phenol. 


DDT — Abbreviation for deflagration to detonation 
transition and possibly, on occasion, for detonation to 
deflagration transition. Also, abbreviation for the pes- 
ticide dichloro-diphenyl-trichloro-ethane. 


DEAD LOAD — The force used to perform some function 
such as compacting pyrotechnic or explosive material. 
When compacting a material, there is a dwell time, 
during which the dead load force is applied. 


DEAD-MAN’S SWITCH — (Also dead-man switch) — A 
momentary-contact, electrical switch or other means 
to immediately and safely shut down an apparatus (or 
an activity being controlled) in the event of an emer- 
gency. A critically important feature of a dead-man’s 
switch is that the operator monitoring the functioning 
of the apparatus or activity must constantly apply 
pressure to the switch to allow the apparatus or ac- 
tivity to continue. Thus, the release of that pressure is 
all that is needed for the termination of the operation 
of the apparatus or activity. Obviously, it is critically 
important that the functioning of a dead-man’s switch 
not be defeated by using tape or another means to ap- 
ply the constantly-needed pressure for the apparatus or 
activity to continue. Two examples of a dead-man’s 
switch and the cables to connect them to the device 
being controlled are shown below. The type of switch 
on the left is sometimes described as a pickle (jargon). 
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The use of a dead-man’s switch is required for com- 
puter-fired firework displays and proximate audience 
performances. Some manually operated flame effects 
also require the use of a dead-man’s switch. 


DEAD MASS (rocketry) — The combined mass of a 
rocket’s airframe and its spent motor (with no re- 
maining propellant). For a given burn-out velocity, 
dead mass is the primary factor in determining the 
extent to which a rocket will be capable of further 
coasting upward. 


DEAD PRESSED (high explosives) — A term typically 
applied to a primary explosive that has been com- 
pressed to such a high loading density that it has be- 
come incapable of initiating a detonation from simple 
ignition, and instead it merely burns. This was for- 
merly a problem with mercury fulminate. It may also 
cause an increase in the required stimulus to start a 
sustainable detonation, such as can occur with Tetryl. 


Dead pressing is the result of eliminating the tiny air 
spaces (i.e., voids) in the explosive that provide its 
sensitivity. Underthe extreme pressure of a detonation, 
the collapse of these air spaces produces hot spots 
that can initiate unreacted explosive in response to 
the passage of a shock wave. 


Dead pressing may also apply to deflagrating pyro- 
technics. Extreme compaction of a composition will 
reduce the permeability of the composition. This may 
occur to the point that effective convective thermal 
energy feedback is reduced to the point that the com- 
position may not deflagrate but only burn. This can 
occur for some types of firework flash powder. 


DEAD VOLUME -— See aerial shell dead volume. 


DEATH MIX (fireworks) — Jargon occasionally used to 
designate an especially dangerous pyrotechnic com- 
position that is either extremely sensitive to ignition or 
one that is known to spontaneously ignite (or explode) 
under some conditions. 


Sensitive mixtures: Some mixtures, which are ex- 
tremely sensitive to accidental ignition, which have 
been described with this epithet (or deserve to be), 
include Armstrong’s mixture (containing potassium 
chlorate and red phosphorus) and red explosive (a 
mixture of potassium chlorate and arsenic(IJ) sulfide). 
In addition to these mixtures being extremely sensitive, 
they are also powerfully explosive, even in very small 
quantities. These materials are far too sensitive to be 
mixed in a dry state, and many serious accidents have 
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resulted from their attempted manufacture without 
sufficient precautions being taken. 


Water reactive mixtures: Mixtures that tend to spon- 
taneously ignite (or explode) include various firework 
star mixtures. Of special concern are those containing 
a chlorate, a nitrate and aluminum powder (or mag- 
nalium); also, those containing a chlorate and a soluble 
copper salt. 


The problem with chlorate, nitrate and aluminum mix- 
tures is their potential to react (in the presence of 
moisture) to form ammonium chlorate, which can be 
spontaneously explosive. In the presence of moisture, 
especially if prolonged, a mixture of a nitrate [NO3 ] 
and aluminum [AI] will react to produce ammonia 
[NH3]: 


3 NO3 (aq) + 8 Als) + 18 HOW > 
3 Al(OH) (aq) + 5 Al(OH)x(s) + 3 NH3(g,aq) 


When ammonia is exposed to moisture, ammonium 
[NH4'] and hydroxide [OH ] ions are formed: 


NH3(aq) + H20da) <> NHa'(aq) + OH (aq) 


The presence of the ammonium ion then allows the 
formation of ammonium chlorate [NH4C1O3], the vio- 
lent decomposition of which is encouraged by the 
further exothermic reaction of the hydroxide ions 
with aluminum: 


NHa'(aq) + ClO3 (aq) <> NHzCl03(s) 


This unanticipated (i.e., non-obvious) production of 
ammonium chlorate, combined with the self-heating 
of the mixture, has produced several powerful explo- 
sions of dampened compositions containing these in- 
gredients, especially when the exposure to moisture is 
prolonged. This type of problem is one reason for nev- 
er storing pyrotechnic mixtures in a moistened state. 


DECELERATION — In common terms, the rate of de- 
crease in velocity. In physics, it is generally charac- 
terized as negative acceleration or acceleration in the 
opposite direction to the motion of an object. For an 
amateur rocket, after the powered phase of the rocket, 
it will decelerate (i.e., move more slowly) during its 
coasting phase prior to deploying its recovery device. 


DECELERATION PARACHUTE -— See parachute. 


DECHLORANE™ — The trade name for perchloro- 
pentacyclo-decane. See Mirex. 


DECIBEL — (Symbol: dB) — One tenth of a bel; a loga- 
rithmic unit typically used to quantify electrical signals 
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and sound; a dimensionless unit expressing a power 
ratio. 


Decibel levels are calculated using this equation: 


2B =10-be{ | 
W, 


Here, W and W2 are the power levels being compared. 
When power is not measured directly, such as with 
sound pressure levels, the square of pressure (which 
is proportional to power) is used. This equates to: 


dB= 20-too{ 2 
P 


oO 


Here, P. is the measured effective sound pressure and 
P. is a reference sound pressure. Typically, P, is the 
threshold for normal human hearing, which is consid- 
ered to be 20 uPa (2.910 ’ psi). For an impulse sound, 
such as from an explosion (see sound pressure level 
measurement), peak pressure (P,) is measured. When 
peak pressure is in psi, the dB equation becomes: 


dB =171+20-log(P, ) 


DECIBEL WEIGHTING — See sound pressure level 
measurement. 


DECOMPOSITION REACTION, CHEMICAL — See 
chemical reaction type. 


DECOY FLARE - See flare, military (infrared flare). 


DECREPITATION — The property exhibited by some 
crystals that, when heated, break into smaller parti- 
cles with the emission of a crackling sound. 


In pyrotechnics: One older, but still popular, theory 
for the sound produced by a pyrotechnic whistle is 
based on the thought that decrepitation of one or more 
of the reactants randomly initiates oscillations that 
are then supported by the pressure sensitivity of the 
burning composition and the resonant frequency of 
the gas column above the whistle’s burning surface. 


DE-EXCITATION — See excitation. 

DEFECATING DOG (fireworks) — See Sooner Dog. 
DEFLAGRATING EXPLOSIVE — See /ow explosive. 
DEFLAGRATION — (Also explosive burning) — An exo- 


thermic chemical reaction (i.e., combustion) in which 
the reaction front advances at a subsonic speed in the 
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unreacted explosive but at a rate sufficient to produce 
at least a mild explosion. 


Typically, the speed of sound in a pyrotechnic com- 
position is unknown, especially under a range of pos- 
sible conditions. Thus, an approximate rule of thumb 
is sometimes used that assumes a linear burn rate of 
less than 2,000 m/s (6,500 feet per second) corre- 
sponds to a deflagration. A corollary of this approxi- 
mate rule of thumb is that a detonation has a reaction 
rate greater than 2,000 m/s (6,500 feet per second). 


In a deflagration, convective heat transfer (in the di- 
rection of the advancing reaction front) is generally 
most important when compared to conductive or ra- 
diative heat transfer. Most of the chemical reaction 
products in a deflagration move in reverse of the 
flame front, away from the unreacted material. 


A deflagration is one of three common types of ex- 
plosion; the other two are detonation and mechanical 
explosion (see explosion type, basic). For a deflagra- 
tion, the explosion is the result of some combination 
of the intrinsic speed of the chemical reaction, the in- 
ertial confinement provided by the reacting material 
itself (and even the surrounding air to some extent), 
and the confinement provided by a pressure vessel. 


While some deflagrations, by design, may be so high- 
ly confined that there is no external explosive effect, 
it is typical for a deflagration to exhibit the funda- 
mental characteristics of an explosion (i.e., the pro- 
duction of a pressure wave with the potential for 
damage to surrounding objects and the production of 
a loud sound). 


Compared to a detonation, a deflagration has consid- 
erably less brisance (i.e., less of a shattering effect) on 
objects close to the explosion. A demonstration of 
this was performed, in which the output of 8-ounce 
(227-g) samples of three explosives were compared. 
The three explosives were Black Powder, a common 
firework flash powder consisting of 70% potassium 
perchlorate and 30% pyro-aluminum and the binary 
high explosive Kinepac™, consisting of ammonium 
nitrate and nitromethane. The setup for the demon- 
stration is shown in the first (number 1) of the four 
photographs shown below. A small plastic tub of the 
explosive was placed on an 8 by 8 by % inch (200 by 
200 by 6 mm) piece of steel plate. The steel plate was 
then placed on a heavy wooden timber supported on 
the ends by cement blocks (not shown below). 
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Upon an attempted initiation of the Black Powder us- 
ing a detonator, the cup was destroyed, and the powder 
was dispersed, but the powder did not ignite (i.e., Black 
Powder is not a cap-sensitive explosive material). 
When the Black Powder was initiated using and elec- 
tric match, the powder burned with a flash of fire and a 
‘poof’? sound, leaving the plastic cup lidless and 
scorched, but otherwise intact (2). This reaction, alt- 
hough quite rapid, was not sufficient to produce an 
explosion (i.e., a deflagration). Had the Black Powder 
been strongly confined, such as contained within a 
metal pipe, a powerful mechanical explosion would 
have resulted when the pipe burst because of the very 
high pressure produced within the pipe by the burning 
Black Powder. 


In contrast, the deflagration produced by the reacting 
flash powder resulted in a loud explosion, generating 
sufficient force to put a 0.75-inch (19-mm) deep dent 
in the steel plate (3). In the time since performing the 
demonstration, the steel plate has rusted to some ex- 
tent, which can be seen in the photograph. In much 
stronger contrast, the detonation of the reacting high 
explosive (i.e., the binary explosive, Kinepak™) gen- 
erated forces great enough to cut a near perfect hole 
through the steel plate (4). 


There are conditions where an explosive that is capa- 
ble of deflagration (such as firework flash powder), 
may only burn. Further, there may be conditions un- 
der which a normally deflagrating explosive may be 
capable of a transition to a detonation. 


In some texts (especially fire science texts), a defla- 
gration may be taken to be synonymous with rapid 
burning without necessarily producing an explosive 
effect. This is inappropriate because it is inherently 
imprecise, and nowhere is it quantified as to how rap- 
id the burning must be to qualify as a deflagration 
and not simply as burning. More unfortunately, and 
all too frequently, explosions that are actually defla- 
grations are incorrectly described as detonations in 
news reports, in popular literature and by careless ex- 
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perts. In these situations, the words detonation and 
explosion are erroneously taken to be synonyms. 


DEFLAGRATION ISOLATION — A method of employing 
equipment and procedures that interrupts the propaga- 
tion of a deflagration flame front past a certain point. 


DEFLAGRATION PRESSURE CONTAINMENT — The 
technique of specifying the design pressure of a vessel 
and its appurtenances so they can withstand the max- 
imum pressure resulting from an internal deflagration. 


DEFLAGRATION, SELF — See self-deflagration. 


DEFLAGRATION SUPPRESSION — The technique of 
detecting and arresting combustion in a confined space 
while the combustion is still in its incipient stage, 
thus preventing the development of pressures that 
could result in an explosion. 


DEFLAGRATION-TO-DETONATION TRANSITION — 
(Abbreviated DDT) — When a deflagration wave (i.e., 
explosive burning) propagates into an energetic mate- 
rial, in some cases the deflagration wave may build 
(1.e., transition) to a detonation wave. Some detona- 
tors are based on the deflagration-to-detonation tran- 
sition phenomenon. 


DEFLAGRATION WAVE — The normal mode of reaction 
(1.e., propagation) within a low explosive. A deflagra- 
tion wave consists of the advancing chemical reaction 
zone propagating subsonically through the low ex- 
plosive. 


DEFLECTION (rocketry) — See wind deflection. 


DEGDN and DEGN — Abbreviations for diethylene- 
glycol dinitrate. 


DEGREE OF COMPACTION, DEGREE OF CONFINE- 
MENT and DEGREE OF MIXING — EFFECT ON BURN 
RATE — See burn rate, factor affecting. 


DEGRESSIVE BURNING, DEGRESSIVE BURNING 
PROPELLANT and DEGRESSIVE BURNING ROCKET 
GRAIN — See propellant burning, type of (regressive 
burning). 


DE LAVAL NOZZLE — (Also Laval nozzle) — Originally 
a nozzle developed by the Swedish engineer Karl 
Gustaf Patrik de Laval (1845-1913) of the de Laval 
Dairy Company. He found that passing high pressure 
steam through a tube that first narrowed to a small 
throat and then smoothly opened to a larger diameter 
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produced a much higher velocity jet than could be 
achieved using a straight orifice. Below is a cross- 
sectional illustration of a de Laval nozzle. 


Nozzle Steam Supply a 
L Steam Jet ms 


de Laval’s intended use for the nozzle was in more 
efficient cream separators. He found that the jets 
from one or more of his nozzles could drive a turbine 
at much higher speeds than jets produced using 
straight orifices. 


In rocketry: Most model rocket motors use a nozzle 
that attempts to approximate a de Laval nozzle, ex- 
cept that many do not have a true smoothly converg- 
ing section. The de Laval nozzle is used to convert 
the heat liberated in the combustion chamber of a 
rocket motor into kinetic energy for propulsion. (See 
nozzle, nozzle expansion ratio; and thrust coefficient.) 


DELAY (noun) — A pyrotechnic, mechanical or electron- 
ic component (i.e., a delay element) that introduces a 
controlled time interval between the activation and 
functioning of a pyrotechnic or explosive device. 


DELAY AGENT (fireworks) — See glitter chemistry. 
DELAY BLASTING CAP — See detonator. 


DELAY CHARGE or DELAY COMPOSITION — A pyro- 
technic composition that burns at a predetermined 
rate and is used in (or as) a delay element to provide 
an accurately timed interval between events in the 
functioning of a pyrotechnic device. 


In_fireworks: Black Powder, or variations of it, re- 
mains the most common delay composition in fire- 
works. Itis used in Chinese tissue-paper fuse, Bickford 
fuse, Visco fuse and traditional spolette time fuses for 
aerial firework shells. A layer of Black Powder-type 
composition, modified to produce sparks, provides 
the delay between each ejection of a star in traditional 
Roman candles. 


In_rocketry: Delay composition is a slow-burning 
composition that allows time for the rocket to slow 
after the powered (i.e., boost) phase of its flight and 
before igniting the ejection charge to deploy the re- 
covery device. Preferably the delay composition pro- 
duces smoke that serves as a tracking aid. A smoke- 
producing delay composition is also often used for 
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tracking purposes, even when electric timers or al- 
timeters are used to ignite the ejection charge for the 
recovery device. 


Gasless and low-gas delay compositions: Wide vari- 
eties of these compositions are used for various civil- 


ian, aerospace and military applications. A few ex- 
amples are presented below (Ellern, 1968). 


Formulation >| Parts by Weight 
Ingredient | (1) | (2) | (3) | (4) 


a) Lead(Il) chromate [PbCrO.] {CAS 7758-97-6}. 
b) Tellurium [Te] {CAS 13494-80-6}. 


Delay compositions composed of the same ingredients 
will have a range of burn rates, depending on the ratios 
of those ingredients. (See burn rate, factor affecting.) 
This is demonstrated in the series of six formulations 
presented below, in which the burn rate varies widely, 
by a factor of 40. 


Ingredient Percentage in Composition 
pee ten seeeeee 


a) Tungsten [W] {CAS 7440-33-7}. 
b) RLBR is the reciprocal linear burn rate. 
c) Presented to 2-significant figures or 1-decimal place. 


Some other fuels and oxidizers used in delay compo- 
sitions are presented below. 
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a) Calcium chromate [CaCrQ,] {CAS 13765-19-0}. 
Chromium [Cr] {CAS 7440-47-3}. 

c) Chromium(lII) oxide [Cr203] {CAS 1308-38-9}. 
d) Molybdenum [Mo] {CAS 7439-98-7}. 

e) Selenium [Se] {CAS 7782-49-2}. 

f) Molybdenum(V1) oxide [MoO3] {CAS 1313-27-5}. 


jog 
a— 


DELAY CONNECTOR — (Also delay relay) — A nonelec- 
tric, short-interval delay device that is used to delay a 
blast initiated using detonating cord or shock tube. 


In the photograph below, the orange shock tube en- 
tering from the left is used to initiate a delay detonator. 
When the delay detonator explodes, it initiates the 
green shock tube on the right. 
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several seconds and are used to help mitigate ground 
shocks from blasting operations. This is accom- 
plished by allowing the shock from each small portion 
of the overall blast to propagate past the remaining 
charges before each of those other charges is initiated. 
In effect, this produces a series of small ground 
shocks rather than one large shock that is more likely 
to damage nearby structures. 


DELAY DETONATOR - See detonator. 
DELAYED STAGING -— See rocket, multistage. 


DELAY ELEMENT - (Also delay train) — A pyrotechnic 
device, layer of composition or other component of a 
device, that burns at a predetermined rate, used to 
provide an accurately-timed interval between events in 
the functioning of a pyrotechnic or explosive device. 


In fireworks: The ignition fuse provides the delay be- 
tween the ignition and functioning of a firework de- 
vice, and thus is a delay element. Delay elements 
commonly include traditional Chinese tissue-paper 
fuse (e.g., the ignition fuse on a firecracker), a simple 
column of Black Powder (e.g., a spolette), visco fuse 
(e.g., the ignition fuse commonly used on consumer 
fireworks), touch paper (e.g., once commonly used 
for the ignition of shop goods, principally in Britain 
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and Australia) and Bickford fuse (e.g., the time fuse 
on an aerial shell). 


An aerial shell intended for manual firing will have a 
delay element on the end of the shell leader fuse. This 
is intended to provide from 2 to 6 seconds of delay to 
allow the person firing the shell to safely retreat a 
short distance after igniting the fuse. Traditionally, 
the delay element (A, shown below) was simply a 
length of black match extending 3 to 4 inches (75 to 
100 mm) from the end of the quick match shell leader. 
To protect the black match from accidental ignition, it 
is covered by a safety cap (B) until just prior to use. 


=| 


More recently, it is common for the delay element on 
the shell leader to be made using a 1/8-inch (3-mm) 
diameter version of visco fuse (shown below). This is 
more durable, much less susceptible to side ignition 
and provides more reliable timing than the use of black 
match. As above, to protect the fuse from accidental 
ignition, it is covered by a safety cap until just prior 
to use. 
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Other fuse types that have been used on shell leaders 


include braided lengths of Chinese tissue-paper fuse 
and a short length of Bickford fuse. 


A hand-made delay link incorporating a short length 
of Bickford-style time fuse can be inserted into a 
length of quick match to provide a relatively long de- 
lay. The construction and use of this type of delay 
link is illustrated below in cross section. 


Paper Wrap (Bucket) 


Tight String Ties 


Time Fuse 
Black (Cross) Match 


Quick Match Inserted and Tied Here 
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These delay links are illustrated and discussed further 
in the entry quick match delay element. Also, a com- 
mercial delay link described as Pyroclock™ is availa- 
ble. 


In rocketry: Model rocket motors frequently have a 
delay element pressed into the rocket motor casing at 
the top end of the propellant grain. The delay element 
provides the time needed for the rocket to slow suffi- 
ciently (by coasting after the powered phase of its 
flight) to allow the safe deployment of the recovery 
device (typically a parachute). Upon burning through, 
the delay element ignites the ejection charge, which 
is usually a small amount of granular Black Powder. 
This construction is illustrated below in cross section. 


Retainer Cap 


: £2)— Ejection Charge 


Delay and Smoke 
Tracking Element 


Propellant Grain 


Casing 


Nozzle 


Motors used in multistage rockets and those used for 
clustering often will not have a delay element or an 
ejection charge. 


In the performance code designation (B4-6) on the 
model rocket motor shown below, the 6 indicates that 
the delay between motor burnout and firing the ejection 


Two formulations for smoke-producing delay com- 
positions once used in small model rocket motors are 
presented in the table below (Wagner, 1975). 


Formulation — | Parts by Weight 
ngredient | |) [ @) 
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a) The presence of sulfur dioxide [SOz2] and especially of 
arsenic compounds in the smoke produced by these 
compositions poses serious potential health hazards. 


In the case of composite rocket motors, the delay ele- 
ment (sometimes used only to provide tracking smoke) 
is a cast or pressed grain made in a manner similar to 
a propellant grain. 


In explosives: The delay element in a delay detonator 
provides a specified time interval between the activa- 
tion and the functioning of the detonator. The delay 
interval is provided by what is generally described as 
agasless delay composition. The delay time can range 
from 25 ms to as much as several seconds. Typically, 
such delays are used to minimize ground shock in a 
large blasting array by allowing the passage of the 
ground shock from one portion of the array before the 
next portion of the array fires. Even a so-called zero- 
delay detonator has a small intentional delay element 
built-in, as illustrated below in cross section. 


Sleeves Leg Wires 


Base Charge 
(Secondary HE) 


=n i 
Primer Charge . 
(Primary HE) Delay Electric 


Element Match 


In_ military devices: A delay is often included in the 
fuzes of special munitions to produce the predeter- 
mined time lapse between the application of a firing 
energy and the functioning of the device. For example, 
this delay may be used to allow the device to success- 
fully deploy or a munition to penetrate the target before 
exploding. 


In modern times, a delay element is typically a 
pressed mixture of a low gas-producing composition, 
generally described as a gasless delay composition. 


Delay elements may be used to provide several sec- 
onds of delay for a signal or illuminant to reach alti- 
tude before functioning. An early example of such a 
delay element was a thin lead tube containing a com- 
pacted Black Powder core (This type of delay ele- 
ment was called lead spitter fuse; see fuse igniters, 
blasting safety (lead spitter fuse igniter)). Some de- 
vices may have delay time adjustments made at the 
time of firing. This may be accomplished by moving 
the ignition point in the fuse powder train, somewhat 
similar in concept to the Bormann fuse developed for 
use with cannon balls in the mid-19" century. 


DELAY FUSE — See detonator or delay element. 
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DELAY, GASLESS — A pyrotechnic element or compo- 
sition that produces little or no gas so that it may 
readily burn within a sealed system. In addition, this 
type of delay composition will, for the most part, be 
unaffected by changes in ambient pressure. 


DELAY, GLITTER — See glitter effect. 


DELAY INTERVAL (blasting) — The time, usually in 
milliseconds, between successive detonations or ex- 
plosive charges to permit the separate firing of explo- 
sive charges. 


DELAY LINK — See delay element. 


DELAY PHASE (rocketry) — See rocket flight phase, 
amateur (coasting phase). 


DELAY RELAY — See delay connector. 


DELAY SERIES — A range of available detonators that 
incorporate a predetermined delay time between their 
activation and detonation. This is accomplished with 
a delay element positioned ahead of the primary high 
explosive within the detonator. Delays of differing 
lengths are used to satisfy specific blasting require- 
ments, often for the reduction of ground shocks that 
could cause damage to nearby structures. 


Typically, there are two types of delay detonators: 
millisecond (specified as MS) with delay intervals on 
the order of milliseconds, and long period (specified 
as LP) with delay times on the order of seconds. 


DELAY TIME — The lapse of time between the applica- 
tion ofa firing stimulus and the functioning ofa device. 


In explosives: Delay time is the additional delay be- 
tween the functioning of a zero-delay detonator and 
other specified time delay detonators. This distinction 
is necessary because there is some delay inherent in a 
zero-delay detonator or any other type. Most common- 
ly, zero delay detonators have a delay of 8, 12 or 25 
milliseconds. Nonetheless, zero delay detonators may 
sometimes be described as instantaneous detonators. 


DELAY TRAIN — See delay composition. 


DELIQUESCENCE (noun) and DELIQUESCENT (adjec- 
tive)— The property of certain chemicals of absorbing 
and retaining moisture from the atmosphere to the 
point of forming a liquid solution. A substance hav- 
ing this property is described as deliquescent. See the 
hygroscopic entry for a partial listing of chemicals 
useful in pyrotechnics and their critical humidity (the 
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relative humidity above which the chemical becomes 
deliquescent.) 


DELUGE FIRE SUPPRESSION SYSTEM - See fire 
suppression system, explosive. 


DEMILITARIZE — Typically, to perform the process of 
removing either explosive or pyrotechnic materials 
from some military device or to otherwise render a 
weapon unable to be used. For environmental reasons 
these materials may then be sold or used for other 
purposes rather than disposing of them by destruction. 
Today itis common for old and/or outdated munitions 
to be demilitarized. 


DENATURED ALCOHOL — (Also denatured ethanol 
and methylated spirits) — Denatured alcohol is used in 
pyrotechnics for dampening compositions that con- 
tain shellac or other resinous fuels as binders, so the 
compositions can be consolidated into pellets or stars. 


In some countries, denatured alcohol is described as 
methylated spirits. This is ethanol (i.e., grain alcohol) 
that has been intentionally adulterated with methanol 
and other substances to render it unsuitable for human 
consumption. Ingesting methylated spirits can cause 
blindness and death. As it is not fit for use as a bever- 
age, it is exempt from the taxes that are normally im- 
posed on ethanol. In some countries, it is often dyed a 
distinctive color (e.g., violet) as a warning. 


DENSE-PACK MORTARS (fireworks) — See mortar 
rack and mortar (consumer firework mortar, multiple). 


DENSE-PACK RACK - See mortar rack. 
DENSITE — See Z7-S. 


DENSITY — (Symbol: p, the lower-case Greek-letter rho) 
— The concentration of matter; specifically, the ratio 
of the mass (m) to the volume (V) occupied by that 
mass: 


p=m/lV 


Commonly, density has units of grams per cubic cen- 
timeter (g/em*), even though these are not SI units. 
The SI units of density are kilograms per cubic meter 
(kg/m). 


bulk density — (Also apparent bulk density, gravi- 
metric density or apparent density) — The relationship 
derived from the total mass of a solid granular sub- 
stance divided by the total volume it occupies. Thus, 
bulk density is in effect an average of the intrinsic 
density of the substance (i.e., its grain density) and 
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the air (or other fluid) in the spaces between the indi- 
vidual grains of the substance. Thus, bulk density is 
less than grain density. 


The basic method for determining bulk density is to 
fill a container of known volume with the substance 
of interest, determine the increase in mass of the 
filled container and divide the mass increase by the 
volume of the container. 


The term bulk density does not apply to liquids and 
gases, as they are homogeneous (liquids and gases 
have no void spaces to be filled with another sub- 
stance). Thus, liquids and gases are simply described 
as having a density, without further characterization. 


density of charge — For rocket motors, this is the 
mass of propellant divided by the volume of the 
rocket combustion chamber. 


explosive density — The density of an explosive 
prepared for use. The detonation velocity of a high 
explosive is a function of its density. Because some 
commercial high explosives are available in various 
densities, the energy delivered per unit length of 
borehole can be varied to meet specific blasting needs. 


grain density — (Also specific density) — A term 
used for the mass of the homogeneous material of a 
solid granular substance divided by the volume the 
grain occupies. As such, it is simply the density of an 
individual grain of the material. This is in contrast 
with bulk density, which is the average of the density 
of individual grains and the air or other fluid filling 
the spaces between the grains. 


The method for determining grain density for a gran- 
ulated material requires knowing and accounting for 
the total void volume (V,) between the grains of the 
substance of interest. One way to determine this is to 
first fill a container with a known volume (V7) of the 
substance and determine the mass of the substance 
(ms) by weighing it. Then add a volume of a liquid 
(V1) of known density (p;) that is just sufficient to fill 
the void space between the individual grains of the sub- 
stance, and then reweigh the container (ms+)). The in- 
crease in mass of the container divided by the density 
of the liquid equals the volume of the void space (V,): 


V = [Be = m, 
; Py 


The net volume of the substance of interest (V;) is 
then just the difference between the total volume and 
the void volume: 


V,=V-%, 
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Finally, the grain density of the substance (p;) can be 
determined as usual: 


Ps V 


S 


The term grain density does not apply to liquids and 
gases, as they are homogeneous (liquids and gases 
have no void spaces to be filled with another sub- 
stance). Thus, liquids and gases are simply described 
as having a density, without further characterization. 


loading density — A measure of how tightly a pyro- 
technic or explosive composition is packed into the 
container in which it will be ignited or initiated. 
Sometimes the measurement is implied by stating the 
pressure and dwell time under which the material was 
compressed. More accurately, it is specified as the 
mass per unit volume, such as grams per cubic cen- 
timeter (g/cm). Occasionally, both types of measure- 
ments are supplied. The loading density can have a 
profound effect of the propagation of an explosive or 
pyrotechnic reaction. (See dead pressed and burn 
rate, factor affecting (degree of compaction).) 


theoretical maximum density — (Abbreviated 
TMD) — (Also maximum theoretical density or crys- 
tal density) — The density of granular material if theo- 
retically compacted to the point where all the void 
volume is filled. A weakly compacted pyrotechnic 
composition may have bulk density of 60% of TMD, 
whereas a well-compacted composition may have a 
bulk density of 80% or more of TMD. 


DENSITY OF CHARGE — See density. 
DEOXIDIZER, FLAME — See fuel (accessory fuel). 


DEPARTMENT OF ENVIRONMENT AND THE RE- 
GIONS (UK) — (Abbreviated DETR) — The govern- 
mental organization in the UK that regulates explo- 
sives in transportation. 


DEPARTMENT OF TRADE AND INDUSTRY (UK) — 
(Abbreviated DTI) — The governmental agency in the 
UK that is responsible for aspects of the sale of fire- 
works to the public. 


DEPARTMENT OF TRANSPORTATION (US) — (Also 
DOT or US DOT) — An agency of the US govern- 
ment with the responsibility for regulating the transport 
of hazardous material in commerce. They have also 
established definitions for consumer and display 
fireworks. Transportation regulations can be found in 
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Title 49 of the US Code of Federal Regulations. For 
more information, visit their web site: www.dot.gov. 


DEPENDENT VARIABLE — See variable (mathematics). 
DERIVED SI UNIT — See wnit, derived SI. 


DESCRIPTION OF AERIAL SHELL — See aerial shell 
name and description (general) and aerial shell name 
and description (specific). 


DESCRIPTIVE CLASSIFICATION OF FIREWORKS — 
See fireworks, descriptive classification of. 


DESICCANT — A substance used to remove water from 
the air in a closed system, either for keeping other 
materials dry or to promote the drying of other materi- 
als. When the closed system is a container designed for 
that purpose, it is described as a desiccator, as shown 
below along with a bottle of one type of desiccant. 


A desiccant operates by being hygroscopic, and it 
needs to be more hygroscopic than anything it is in- 
tended to dry or to keep dry. The desiccant in the 
photo above is anhydrous calcium sulfate colored with 
a small amount of an indicator (a cobalt(II) salt) that 
will turn pink when the desiccant has absorbed all the 
moisture it can. Other materials commonly used as 
desiccants are calcium chloride, activated alumina 
and silica gel. 


DESICCATION — A type of drying that depends on 
lowering the local relative humidity by physical or 
chemical means. Desiccation is often accomplished 
by use of desiccants such as silica gel. Freeze-drying 
or vacuum drying is a type of desiccation that does 
not need a chemical desiccant. The progress of desic- 
cation (1.e., the loss in moisture) can be monitored by 
making a series of accurate weighing of the material 
being desiccated. (Contrast with exsiccation.) 
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DESIGNOLLE’S POWDER -— Sce powder type (picrate 
powder). 


DESIGN PRESSURE — The maximum gauge pressure 
that a pressure vessel, device, component or system is 
designed to withstand safely under the temperature 
and other conditions of its expected use. 


DESORPTION -— The release of adsorbed or absorbed 
material (typically as a gas) from another substance; 
thus, it is the opposite of absorption and adsorption. 


DESTRUCTIVE DEVICE -— (as per 18 USC, Part 1, 
Chapter 44, Paragraph 921, Definitions) — In the US: 


The term ‘destructive device’ means: 
(A) any explosive, incendiary or poison gas: 


(i) bomb, 
(ii) grenade, 
(111) rocket having a propellant charge of more than 
four ounces (114 g), 
(iv) missile having an explosive or incendiary 
charge of more than one-quarter ounce (7 g), 
(v) mine, or 
(vi) device similar to any of the devices described 
in the preceding clauses; 


(B) any type of weapon (other than a shotgun or a 
shotgun shell which the Attorney General finds is 
generally recognized as particularly suitable for 
sporting purposes) by whatever name known which 
will, or which may be readily converted to, expel a 
projectile by the action of an explosive or other pro- 
pellant, and which has any barrel with a bore of more 
than one-half inch in diameter; and 


(C) any combination of parts either designed or in- 
tended for use in converting any device into any de- 
structive device described in subparagraph (A) or (B) 
and from which a destructive device may be readily 
assembled. 


The term ‘destructive device’ shall not include any 
device which is neither designed nor redesigned for 
use as a weapon; any device, although originally de- 
signed for use as a weapon, which is redesigned for 
use as a signaling, pyrotechnic, line throwing, safety, 
or similar device; surplus ordnance sold, loaned, or 
given by the Secretary of the Army pursuant to the 
provisions of section 4684 (2), 4685, or 4686 of Title 
10; or any other device which the Attorney General 
finds is not likely to be used as a weapon, is an an- 
tique, or is a rifle which the owner intends to use 
solely for sporting, recreational or cultural purposes. 
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DESTRUCTIVE DISTILLATION — The process of ex- 
tracting components from a material using heat and 
in which the starting material is substantially decom- 
posed. For this process to be successful, it is necessary 
that at least some of the components are capable of 
being vaporized. For example, charcoal is obtained by 
the destructive distillation of wood, whereby volatile 
constituents of the original wood are driven off as 
water vapor and tar. 


DETACABE — A shaped charge made by sliding two 
close-fitting, tubular-shaped, PETN-based explosives 
(described as detaprimes or bubblegums) partially 
onto each other. These charges are commonly used to 
cut cable bolts (i.e., roof bolts) in mining operations. 


DETACHED SHOCK WAVE -— (Also detached shock) — 
A shock wave that is not in contact with the body that 
originated it. This occurs when a supersonic flow is 
inclined to a surface area. This has significance in in- 
creasing the drag in supersonic flow, specifically in 
the reentry of a space vehicle when the major contri- 
bution to the surface heating is due to a normal shock 
temperature increase. The detached shock wave also 
carries away more heat, which facilitates cooling the 
reentry vehicle. 


DETA-CORD — See detonating cord. 
DETASHEET -— See sheet explosive. 
DET-CORD — See detonating cord. 
DETECTION TAGGANT — See faggant. 


DETERRENT (propellant) — A component of a propel- 
lant that acts to retard its burn rate for controlling the 
gun-barrel pressure profile. One example of a deterrent 
is dinitrotoluene. 


DETERRENT, IGNITION — See inhibitor, ignition. 


DETONATE (verb) — The act of initiating a specific 
type of violent (i.e., explosive) chemical reaction in 
which the linear velocity of the reaction front exceeds 
the speed of sound in the unreacted explosive. (See 
detonation; contrast with deflagration.) 


The term is often used carelessly and incorrectly by 
the public and others. For example, detonate is often 
used to mean the initiation of an explosion of any 
type, and even worse on occasion to mean simply the 
act of igniting a fuse on a firework. 


Encyclopedic Dictionary of Pyrotechnics 


DETONATING CORD - (AlI- 


DETONATING AGENT — An explosive used to initiate 


another explosive. For example, lead styphnate is 
commonly used as a detonating agent in small-arms 
primers to initiate other less sensitive pyrotechnic 
compositions used in those primers. 


so deta-cord, det-cord, det- 
onating fuse, detonation 
cord, Primacord™ or pri- 
mer cord) — A flexible det- 
onating fuse consisting of 
a powdered high explosive 
material encased in a plas- 
tic, cloth or metal covering. An example, approxi- 
mately 0.25 inch (6 mm) in diameter, is shown at the 
right. 


The inner and outer casing materials are varied to 
provide specific physical properties such as tensile 
strength, abrasion resistance, chemical resistance and 
flexibility. The explosive power of the fuse (in the 
US) is often expressed in grains per foot, which range 
from less than 10 to more than 400 (2 to 85 g/m). Ex- 
amples of 50, 25 and 7.5-grains per foot (10, 5, and 2 
g/m) detonating cord are shown below. It is becoming 
increasingly common for manufacturers to designate 


Since detonating cord is made using secondary high 
explosives (most commonly pentaerythritol-tetra- 
nitrate, PETN), it requires at least a small-scale deto- 
nation for its initiation, such as that provided by a 
detonator. In the past, it was common simply to tape 
a detonator tightly in contact with the cord. Under 
adverse conditions or when speed is needed (such as 
in military and law enforcement applications), it is 
becoming common to use connectors such as that 
shown below. In the first (left) image, the detonator 
has been secured in the connector and the detonating 
cord is ready for installation. In the second image, the 
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connector has been closed to hold the detonator and 
cord in close proximity. 


Photo Credit: Omni Explosives 


The velocity of detonation of the cord depends on the 
type and density of the explosive used in its manufac- 
ture. Almost all common commercial types of detonat- 
ing cord are made with PETN and have a velocity of 
detonation of approximately 23,000 feet per second 
(7000 m/s). Specialized versions are also loaded with 
other explosives such as RDX (hexahydro-1,3,5- 
trinitro-1,3,5-triazine) and HMX _ (cyclotetra- 
methylene-tetranitramine) and are also available with 
various metallic sheathings. 


In blasting: In large scale commercial blasting, deto- 
nating cord and delay detonators are widely used to 
provide safe and reliable operations that minimize the 
potential for damage from excessive ground shock. 
The use of detonating cord also minimizes the number 
of detonators used and the requirement to bury them 
along with the main charges. 


In special effects: Detonating cord is used in many 
ways to produce special effects, with one of the more 
common being the production of the flame effect typ- 
ically described as a wall of fire, commonly per- 
formed at air shows. 


Historical: Some early forms of detonating cord were 
made by filling a lead tube with guncotton dust and 
then drawing-down the lead tube to the diameter of 
ordinary safety blasting fuse. Picric acid (2,4,6- 
trinitro-phenol) was also similarly used successfully 
with a tube made of tin (lead tubing could not be used 
because picric acid reacts with lead to form the more 
dangerous lead picrate). Early in the 20™ century, 
TNT (trinitro-toluene) was successfully used within a 
lead sheath to make a detonating cord. It had a deto- 
nation velocity of approximately 5000 meters per 
second (16,000 feet per second). The French patented 
this product as cordeau detonant (detonating cord) 
that came to be known in countries other than France 
as simply cordeau. Cordeau manufactured using TNT 
was eventually replaced with fabric covered cord using 
PETN for use in commercial blasting and for military 
applications. 
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DETONATING CORK — See explosive cork. 
DETONATING EXPLOSIVE — See high explosive. 
DETONATING FUSE — See detonating cord. 


DETONATING RAILWAY FOG SIGNAL — See torpedo, 
railway. 


DETONATION — A self-sustaining exothermic chemical 
reaction in which the reaction front advances at a su- 
personic velocity in the unreacted explosive. Although 
there is expansion of chemical reaction products (in all 
directions away from the advancing reaction front), it 
is primarily the compression (i.e., forward particle mo- 
tion) in the direction of the advancing shock wave 
that provides the energy for propagation. 


Detonation velocities typically range from 2,000 to 
9,000 m/s (6,500 to 30,000 feet per second). 


There is a relationship, derived from the most basic 
conservation laws, that holds for all detonations. As 
such, this is the defining relationship for a detonation: 


Fy = Pou "D 


Here, P.; is the pressure produced at the reaction front 
(i.e., the detonation pressure), Oo is the density of the 
unreacted explosive, uw; is the advancing particle veloc- 
ity at the reaction front, and D is the rate of advance 
of the reaction front (i.e., the velocity of detonation). 


A detonation proceeds at a sufficient speed that an 
explosion always results, even without confinement 
and regardless of the amount of material. However, 
there are conditions under which an explosive, which 
is capable of detonation, may only burn or deflagrate. 


The term detonation is often used carelessly and in- 
correctly by the public and others. For example, det- 
onation is often erroneously used to mean an explosion 
of any type. (Contrast with deflagration.) 


Detonations can be divided into two general classes: 
an ideal detonation and a non-ideal detonation (See 
detonation type). Sometimes the terms high and low 
order detonations are used; however, these are poorly 
defined and poorly quantified terms that are best 
avoided, except in casual conversation. 


DETONATION CONDUCTOR — A detonating explosive 
added to an otherwise non-detonating explosive to pro- 
duce a mixture that is detonable. Commonly the non- 
detonating explosive is a pyrotechnic composition. 


DETONATION CORD — See detonating cord. 
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DETONATION PRESSURE -— (Also CJ-pressure) — The 
local pressure produced at the reaction front of a deto- 
nation. Because of their extremely high values, deto- 
nation pressures are usually calculated. There is a re- 
lationship, derived from the most basic conservation 
laws, that holds for all detonations: 


Ei =pP,-u,-D 


Here, P, is the pressure at the reaction front (i.e., 
detonation pressure), 0 is the density of the unreacted 
explosive, w; is the particle velocity behind the reaction 
zone, and D is the rate of advance of the reaction front 
(i.e., the velocity of detonation). The usefulness of this 
equation is limited by the fact that, while the density 
of the explosive and its velocity of detonation are rel- 
atively easily determined, particle velocity is not easily 
determined. This limitation can be overcome by using 
the following approximate relationship: 


Ei =o 


For a given explosive, detonation pressure values are 
proportional to the product of the density of the ex- 
plosive times the square of the velocity of detonation. 


For proper initiation of the main charge, a booster’s 
detonation pressure should exceed that of the main 
explosive charge. 


DETONATION RATE — See velocity of detonation. 


DETONATION, SHELL (fireworks) — See shell detona- 
tion. 


DETONATION-TO-DEFLAGRATION TRANSITION — 
(Abbreviated DDT) — When a detonation wave prop- 
agates into an energetic material, in some cases the 
detonation wave may decay to a deflagration wave. 
This combustion phenomenon is termed detonation- 
to-deflagration transition. 


DETONATION TYPE — Detonations can be divided into 
anumber of sub-categories, not all of which are quan- 
titatively defined. 


ideal detonation — (Also Chapman-Jouguet detona- 
tion or C-J detonation) — A detonation in which the 
chemical reaction is immediately complete to form 
reaction products that are in chemical equilibrium. 
Accordingly, the chemical reaction zone is extremely 
thin. Most high explosives (in which the fuel and ox- 
idizer are in the same molecule) differ only negligibly 
from an ideal detonation. 
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non-ideal detonation — Most simply, any detona- 
tion that differs significantly from an ideal detonation. 
The area of difference is that the chemical reaction is 
not immediately complete, and the reaction zone is 
substantially wider with chemical energy being re- 
leased throughout the reaction zone. Mixed explo- 
sives such as ANFO can deviate significantly from an 
ideal detonation. Also, if a pyrotechnic material (e.g., 
possibly some flash powders) detonates when con- 
fined, that would be a non-ideal detonation. 


high-order detonation — A descriptive term for 
when the actual velocity of detonation is equal to or 
greater than the stable detonation velocity of the ex- 
plosive. This terminology is often used carelessly (or 
rhetorically) in situations where the actual detonation 
velocity is unknown. 


low-order detonation — A descriptive term for a 
high explosive that has not reacted to release its full 
energy, or that has exploded at significantly less than 
its stable velocity of detonation. This terminology is 
often used carelessly (or rhetorically) in situations 
where the completeness of the detonation reaction and 
the actual velocity of propagation are unknown. 


mass detonation — An ill-defined term that refers to 
the essentially simultaneous, instantaneous and pow- 
erful detonation of a collection of explosive units. 


Confusion is introduced when low explosives such as 
Black Powder are described as being potentially mass 
detonating, because while these materials can explode 
in mass, they are not capable of detonation. 


Another area of confusion is the length of time over 
which the individual explosive units are allowed to 
explode and still be considered essentially simultane- 
ous. In some test protocols, only the visual (and pos- 
sibly aural) perception of a human observer is used to 
establish simultaneity. For a detonation to be com- 
municated between two explosives, it is reasonable to 
require that the individual units be initiated at the 
time of arrival of the shock wave or projectiles from 
an initial explosion (i.e., the subsequent explosions 
need to occur within a few milliseconds, even for 
charges separated by a few feet). 


In cases where the manner of communication and the 
nature of the explosions are uncertain, use of the term 
mass explosion is more technically correct. 


partial detonation — A detonation that fails to 
propagate completely through the charge, leaving 
part of the charge chemically unchanged. This phe- 
nomenon is not the same as either a low-order deto- 
nation or a non-ideal detonation. 
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sympathetic detonation — (Also sympathetic initi- 
ation) — The detonation (1.e., initiation) of one high 
explosive charge (i.e., the acceptor charge) as the re- 
sult of receiving the shock impulse from the detonation 
of another explosive (1.e., the donor charge) through 
an intervening medium (e.g., air, ground or water). 
The term is often used in connection with accidents 
involving the mass explosion of high explosives. For 
the purpose of transportation classification, propaga- 
tion must be practically instantaneous and not the re- 
sult of fire or the impact of projectiles. 


In cases where the manner of communication and the 
nature of the explosions are uncertain, use of the term 
sympathetic explosion is more technically correct. 


DETONATION VELOCITY — See velocity of detonation. 


DETONATION WAVE - The normal mode of reaction 
(1.e., propagation) within a high explosive. A detona- 
tion wave is the combination of a shock wave and the 
chemical reaction zone maintaining that shock wave. 


DETONATOR -— (Also cap or blasting cap) — An explo- 
sive device used to initiate the detonation of a high 
explosive. The following information pertains primar- 
ily to detonators used in blasting, mining and quarry- 
ing operations. 


Detonators commonly consist of a relatively small 
metal tube containing both a primary explosive and a 
secondary high explosive. In use, the detonator is 
first inserted into the charge of high explosive that is 
to be detonated. At the appropriate time, the detonator 
is initiated, most commonly with an internal electric 
match or an attached shock tube. The resulting deto- 
nation of the primary explosive is propagated to the 
secondary high explosive within the detonator, this in 
turn initiates the desired detonation of the main high 
explosive charge. Detonators can also be initiated 
with blasting safety fuse, and may be described as 
caps, blasting caps or preferably as plain detonators. 
Application of the name ‘cap’ to plain detonators 
likely arose because the original detonator of this type 
was described as a ‘percussion-cap’ by its inventor, 
Swedish entrepreneur Alfred Nobel (1833-1896). 
Detonators should not be confused with the type of 
small-arms primer described as a percussion cap and 
certainly not with toy caps. 


Historical: The development of the original plain det- 
onator was described by Alfred Nobel in a document 
prepared in 1874, in the context of a patent dispute. 
Nobel originally experimented with using Black Pow- 
der charges to explode nitroglycerin, then hit upon the 
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idea of using ‘caps’ charged with a fulminate. Nobel’s 
early experiments also included attempts to detonate 
nitroglycerin with an electric spark and with an elec- 
trically heated wire. (For some subsequent develop- 
ments, see electric firing system.) 


An early precursor to the modern electric detonator, 
incorporating an electric match initiating a charge of 
mercury fulminate, was disclosed by American in- 
ventor Perry Gardner in US Patent 377,851 (1888). 
Electric detonators having a pyrotechnic delay ele- 
ment between the point of electrical ignition and the 
detonating charge were disclosed by American chem- 
ist and manager Francis Irénée du Pont (1873-1942) 
in US Patent 821,883 (1906). 


An early example of the modern ultra-short delay 
electric detonator was invented by American physi- 
cist Lawrence Johnston (1918-2011) for the American 
nuclear weapons development project, in the early 
1940s. Details were disclosed in US Patent 3,040,660 
(1962). Flying-Plate detonators were the subject of 
US Patent 4,788,913, (1988) by US scientists John 
Stroud and Donald Ornellas. 


conducting detonator — An electric detonator in 
which the passage of an electric current through a small 
quantity of conducting explosive composition heats 
the explosive to its initiation temperature. The use of 
a bridgewire is thus eliminated in this type of device. 


delay detonator — A detonator providing a prede- 
termined lapse of time between the application of a 
firing signal and the detonation. 


The time delays are typically in the range of 0.025 to 
several seconds and are used in blasting to break up 
rock in a controlled sequence. For example, in blast- 
ing a tunnel, an initial set of charges might be fired to 
break up and loosen rock at the center of the tunnel 
face, then a second set, fired a short time afterwards, 
extends the fragmentation sideways from the center 
and finally a third set, fired still later, finishes the job 
by fragmenting the rock above and below the previ- 
ously fragmented central section. Use of time delays 
can also help mitigate ground shocks from blasting 
operations. This is accomplished by allowing time for 
the shock from each small portion of the overall blast 
to propagate past the remaining charges before those 
other charges are initiated. This produces a series of 
small ground shocks rather than one large shock that 
might damage nearby structures. 


electric detonator —A detonator initiated by elec- 
trical means. The body of a typical electric detonator 
consists of a small metallic tube (usually aluminum) 
containing both a primary and secondary high explo- 
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sive. Depending on the intended use, a pyrotechnic 
delay may also be present, as illustrated below in 
cross section. 
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The pyrotechnic delay element is ignited by an elec- 
tric match (i.e., fuse head), the electrical connecting 
wires (i.e., leg wires), which extend from the detona- 
tor through a plug tightly closing its end (usually held 
in place by a pair of circumferential crimps). An ex- 
ample of a typical electric detonator is shown below. 


44 


1 C Toor 
i T ot 


Coot 
i i Too 


| 
T Tritt imal 4 4 
HEH EHEC Eee ai t PREECE CE EEE Eee 


electronic detonator — A type of electric detonator 
in which the pyrotechnic delay element has been re- 
placed with a small electronic module, as illustrated 
below in cross section. 


Electronic 
Delay 


Base Charge 
(Secondary HE) 


Primer Charge Electric 


Leg Wires 
(Primarily HE) Match 


The firing signal starts an internal electronic timer 
and charges a capacitor. When the delay time has 
elapsed, the capacitor discharges through the electric 
match (i.e., fuse head), initiating the primary high 
explosive charge. 


exploding foil detonator — A type of electric 
detonator in which a secondary high-explosive 
charge (e.g., pentaerythritol-tetranitrate, PETN) is 
detonated directly by the very rapid and violent va- 
porization of a thin metal-foil bridgewire on applica- 
tion ofa high-voltage, high-current power source such 
as a large capacitor. These detonators, originally de- 
veloped for use in nuclear weapons, provide extremely 
short delays (microseconds) between the passage of 
the electric current and the detonation. They have also 
been used for some high-precision blasting opera- 
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tions. This type of detonator is much safer than other 
types, as it requires a special firing system and does 
not contain a primary high explosive. 


flying-plate detonator — (Also slapper detonator) — 
A type of exploding foil detonator in which a plastic 
(e.g., polyimide) flyer plate, accelerated as the result 
of the very rapid and violent vaporization of a thin 
metal foil, strikes and thus initiates a secondary high 
explosive charge. 


instantaneous detonator — Any detonator without 
an added delay between the application of a firing 
signal and the detonation, in contrast with a delay 
detonator. 


non-electric detonator — A detonator that does not 
require the use of electricity. In blasting applications, 
these are either plain detonators or shock tube deto- 
nators. 


plain detonator — (Also fuse detonator) — A deto- 
nator made to be initiated using blasting safety fuse. 
It is a small metal tube that contains an explosive 
composition and that is open at one end to accept 
blasting safety fuse, which is then crimped in place, 
as shown below. 
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An early example of the packaging of plain detona- 
tors is shown below. 
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Photo credit: David Johnson (www. miningartifacts.org) 


shock tube detonator — A detonator initiated with 
shock tube. An example is shown below. 


test detonator, No. 8 — (Also IME No. 8 test deto- 
nator) — A detonator, having a prescribed strength, 
that is used in specified test protocols. 
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In the US: The standard test detonator contains 0.40 
to 0.45 g of PETN (pentaerythritol-tetranitrate) base 
charge pressed to a density of 1.4 g/cm’ into an alu- 
minum casing with a bottom thickness not exceeding 
0.03 inch (0.75 mm), and it is primed with standard 
weights of a primer composition. 


In the EU: The standard test detonator is as described 
above except that the base charge is 0.60 g of PETN. 


DETONATOR SENSITIVE — See cap-sensitive explosive 
material. 


DETONICS — The study of detonation and related phe- 
nomena. 


DETR -— See Department of Environment and the Re- 
gions (UK). 


DEVIATION (statistics) — The difference between two 
numbers. For example, this may be the difference be- 
tween an observed value and a theoretical value, or 
the difference between a variable and its mean. (See 
statistic (standard deviation).) 


DEVIL AMONG THE TAILORS — See candle mine. 
DEVIL ON THE WALK - See spit devil. 
DEVIL WHEEL — See wheel type. 


DEXTRIN — [(C6H1005)n-xH20] — {CAS 9004-53-9} — 
[processed biological material] — (Also dextrine, Brit- 
ish gum, amylin, gommelin, pyrodextrin, vegetable 
gum or starch gum) — Dextrin from different sources 
(for example, corn, potatoes and malt) will have dif- 
ferent CAS numbers. 


Dextrin is often used as a water-soluble binder in py- 
rotechnics. It is produced from starch and is an amor- 
phous, partially hydrolyzed starch. Dextrin can be 
characterized by specifying such things as the source 
of the starch used to prepare it, the color of the dry 
product, its solubility in water and the viscosity of its 
water dispersion. It may be a white or light amber to 
dark brown powder. 


Structural formula: 
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a) Code for reference source, see preface. 


Health information: TLV-TWA: 10 mg/m? are usually 
applied for sugar and starch. 


UN hazard classification: not regulated. 
D;— The symbol for drag form factor. 
d-GLUCITOL — See glucitol. 


DI- — A Greek prefix meaning twice or double. The 
prefix is used like the prefixes bi- or bis-, but it is 
used before simple radicals or compounds attached to 
the same atom. For example, carbon dioxide [COd], 
which contains two oxygen atoms attached to a cen- 
tral carbon atom [O—C-O]. 


DIABLOTIN — A French word, meaning ‘little devil’, 
for the snappers used in Christmas crackers and for the 
crackers themselves. In the early 19" century, the term 
was used in English for the large snappers used by 
some German travelers as portable intruder alarms. 
Fastened between the opening edge of a closed door 
and the adjacent architrave, the device would explode 
with aloud bang in the event of the door being opened. 
The potential for misuse in practical jokes is obvious. 


DIADEM SHELL — The term diadem refers to a type of 
crown (often made of gold with inlaid jewels) worn 
by a monarch. For some aerial shell manufacturers, a 
diadem shell is a type of chrysanthemum shell with 
somewhat longer burning stars that leave a trail that 
droops noticeably due to gravity before the stars burn 
out. Such a shell may also be described as a crown 
chrysanthemum. 


For other manufacturers, a diadem shell is a crown 
chrysanthemum in which the stars change to a bright 
(i.e., metal-fueled) effect, most often colored, at the 
end of their trajectory. 

DIAMINE — See hydrazine. 

DIANTIMONY TRIOXIDE — See antimony(III) oxide. 

DIANTIMONY TRISULFIDE — See antimony/(III) sulfide. 


DIAPER MIXING, DIAPERING or DIAPER METHOD — 
See mixing method. 
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DIAPHRAGM (rocketry) — A plate, located at the nozzle 
end of the rocket motor, that bursts at a given rocket 
motor chamber pressure. This helps to ensure adequate 
ignition of the propellant grain and the production of 
substantial thrust before lift-off. If the rise in thrust is 
too slow, the rocket may rise from the launcher with 
an insufficient forward velocity for proper aerody- 
namic stabilization and may then be propelled in an 
unpredictable direction. 


DIARSENIC TRIOXIDE — See arsenic(III) oxide. 
DIARSENIC TRISULFIDE — See arsenic(III) sulfide. 


DIATHERMICITY — The partial transparency of a sub- 
stance to radiant energy. This transparency allows the 
absorption of thermal energy more deeply than opaque 
substances. In the case of burning rocket propellant, 
thermal transparency can lead to a catastrophic motor 
malfunction either because of a failure in the integrity 
of the grain or ignition deep within the propellant 
grain as opposed to only on its surface. For this rea- 
son, asmall amount of opacifying agent may be added 
to the propellant composition. 


DIATOMACEOUS EARTH — {CAS 68855-54-9 or 
61790-53-2} — (Also diatomite, kieselguhr or infuso- 
rial earth) — A natural mineral product, consisting of 
the siliceous fossil skeletons of small marine organ- 
isms (i.e., diatoms or infusoria). It is a white to light 
gray to pale buff powder of low density, and it is insol- 
uble in water. Diatomaceous earth is capable of taking 
up and holding about four times its weight of water. 
It is a poor conductor of heat, electricity and sound, 
and it makes an excellent filtering material. The orig- 
inal dynamite used diatomaceous earth (described as 
kieselguhr) to absorb and hold the nitroglycerin. Dia- 
tomaceous earth is used in special effect dust hits. 


After being dug from open pits, diatomaceous earth is 
prepared for commercial use by being heated to re- 
move organic matter and treated to remove iron. The 
average particle size varies from 1 to 40 microns and 
the specific surface area ranges to as much as 67,000 
cm’/g; chemically, diatomaceous earth is primarily 
silica. The silicon dioxide content is usually between 
84 and 92%, the balance being predominantly alumi- 
num oxide from various clay minerals. 


DIATOMIC ION — See ion (molecular ion). 
DIATOMIC MOLECULE -— A molecule composed of two 


atoms, not necessarily of the same element. For ex- 
ample, oxygen [O2], carbon monoxide [CO] and stron- 
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tium monochloride [SrCl’] (a red color generating spe- 
cies in pyrotechnic flames) are all diatomic molecules. 


DIATOMITE — See diatomaceous earth. 


DIAZO-DINITRO-PHENOL — [C6H2N4Os] — {CAS 4682- 
03-5} — (Abbreviated DDNP) — (Also dinol or diazol) 


Diazo-dinitro-phenol is an aromatic, primary high 
explosive used in some special effect bullet hits. It is 
also of interest for use in lead-free primers for small- 
arms ammunition. Diazo-dinitro-phenol is a reddish- 
yellow, amorphous powder. 


Structural formula: 
(see benzene ring) 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV: none established. 
DIAZOL — See diazo-dinitro-phenol. 
DIBASIC ZINC STEARATE — See zinc stearate. 
DIBENZOYL PEROXIDE — See benzoyl peroxide. 
DIBISMUTH TRIOXIDE — See bismuth oxide. 


DIBUTYL PHTHALATE — [Ci6H220.] — {CAS 84-74-2} 
— (Abbreviated DBP) — (Also n-butyl phthalate, dibu- 
tyl-o-phthalate, butyl phthalate or dibutyl-/,2- 
benzene dicarboxylate) 


Dibutyl phthalate is a plasticizer used in explosives and 
rocket propellants. It is a colorless, odorless, oily liquid. 


Structural 
formula: 
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|Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 5 mg/m’; there is sig- 
nificant evidence that it is a reproductive and fetal 
developmental hazard, and it is regulated as such in 
US and EU consumer products. 


UN hazard classification: PSN: environmentally haz- 
ardous substance, liquid, n.o.s. (di-n-butyl phthalate); 
HC: 9 (UN3082). 


DICHLOROMETHANE — [CH2Cl.] — {CAS 75-09-2} — 
(Abbreviated DCM) — (Also methylene chloride, 
methylene dichloride or methylene bichloride) 


Dichloromethane is a slightly flammable solvent used 
in the solvent bonding (see we/d) of some plastic com- 
ponents used in fireworks. It is a colorless, volatile 
liquid with a penetrating chloroform-like odor. 


Structural formula: 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 50 parts per million; 
OSHA PEL-TWA: 25 parts per million; regulated by 
OSHA as a carcinogen; I[ARC-2-B: possibly carcino- 
genic to humans. 


UN hazard classification: PSN: dichloromethane; HC: 
6.1 — poison inhalation hazard (UN1593). 


DICHROMATING -— (Also dichromation) — A chemical 
treatment in which a dichromate salt (usually potassi- 
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um dichromate) is applied to the surface of a metal to 
inhibit corrosion. This process may also be described 
as applying a conversion coating to the material. Be- 
cause of health concerns (dichromates are carcino- 
genic), alternative methods have mostly replaced the 
use of dichromates for producing conversion coating. 


DICHROMIC ACID DIPOTASSIUM SALT — See potas- 
sium dichromate. 


DICYCLO-PENTADIENYL IRON -— See ferrocene. 


DIELECTRIC STRENGTH — (Also breakdown potential) 
— The minimum electric field (or applied voltage) that 
produces a breakdown or conduction of an insulating 
material. It is the maximum electrical field strength that 
can exist within the material without its insulating 
properties failing. The dielectric strength of the coating 
on electric matches has a profound effect on their sen- 
sitiveness to ignition from an electrostatic discharge. 


DIESELING (rocketry) — An accidental ignition of a 
rocket engine liquid monopropellant by compression 
of vapor locks occurring during pumping. As in the 
case ofa motor vehicle engine, the act of compressing 
the vapor raises its temperature. In the case of a mon- 
opropellant rocket engine, if the temperature rise is 
sufficient to reach the ignition or decomposition tem- 
perature of the monopropellant, a catastrophic acci- 
dent is a likely result. 


DIETHYLENE-GLYCOL DINITRATE — [C4HgN207] — 


{CAS 693-21-0} — (Abbreviated DEGDN or DEGN) 
— (Also 2-2'-oxybiethanol dinitrate, diglycol nitrate or 
dinitroglycol) 


Diethylene-glycol dinitrate is a plasticizer occasion- 
ally used in rocket propellants. In the past, it has been 
used in double-based, smokeless propellants. It is a 
colorless, oily liquid. 


Structural formula: 
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a) Code for reference source, see preface. 
b) At a density of 1.38 g/cm. 


Hazard: Explosive. Diethylene-glycol dinitrate pre- 
sents a severe explosion hazard when shocked or heat- 
ed. It is toxic by ingestion. 


DIETHYL ETHER - See ether, diethyl. 
DIFFERENTIAL HYDRATION — See /ydration. 


DIFFERENTIAL SCANNING CALORIMETRY — (Ab- 


breviated DSC) — One of the methods used to study 
the thermal characteristics of pyrotechnic composi- 
tions. Differential scanning calorimetry is used to 
measure the onset temperature and energetics of phase 
transitions, to estimate sample purity, to determine 
heat capacities and to measure the enthalpy change 
(AH) and kinetic parameters of the decomposition pro- 
cess. DSC can sometimes be used to identify a com- 
ponent in a pyrotechnic composition (e.g., potassium 
nitrate, KNOs), if the phase transition temperatures of 
these components are well known. The principal ad- 
vantage of DSC over other thermal analytic methods 
is the rapid turn-around of experimental work (single 
experiments require only about one hour to perform). 


A DSC apparatus measures the heat flow necessary to 
establish a nearly zero temperature difference between 
a sample substance and an inert reference material, as 
the two specimens are subjected to an identical temper- 
ature program. The specimens are most often heated or 
cooled at a constant rate (typically ranging from | to 
20 °C per minute) or held at constant temperature (iso- 
thermal). Most instruments commercially available 
cover a temperature range from ambient to 600 °C. 
Some instruments are also capable of providing data 
at much lower (sub-ambient) or much higher temper- 
atures. A schematic diagram of the instrument and a 
picture ofa common DSC apparatus are shown below. 
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To limit potential damage to the instrument, this tech- 
nique can only be applied to a very small quantity of 
pyrotechnic composition (a few milligrams or less). 
The small sample is normally contained in a thin me- 
tallic pan (made of aluminum, platinum or gold) that 
can be open (with the lid having a small pinhole; de- 
scribed as a pinhole pan) or closed (a hermetically 
sealed pan). Other containers have also been devel- 
oped that can sustain high pressure to confine any 
gases produced during the thermal decomposition of 
the energetic sample. These are available commer- 
cially and usually consist of a titanium crucible with 
a screw-on lid and gold foil seals. Such containers 
can also be obtained by sealing a small quantity of 
pyrotechnic composition (typically 0.2 to 0.5 mg) in 
a glass micro-ampoule and wrapping the latter with a 
foil of high thermal-conductivity metal such as silver. 


Examples of these various containers are shown be- 
low: (a) is a hermetically sealed aluminum pan, (b) is 
a pinhole aluminum pan, (c) is a sealed glass micro- 
ampoule, (d) is a glass micro-ampoule wrapped in 
silver foil, (e) is an open aluminum pan, and (f) is a 
high-pressure titanium crucible. 
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For open configuration experiments, the temperature 
program can be conducted in air or an inert atmos- 
phere (nitrogen, helium or argon). The nature of the 
purge gas and the purge rate (cm*/min) are normally 
quoted as parameters of the experiment. 


Prior to any experiment with a sample to be investi- 
gated, the DSC apparatus is normally calibrated for 
temperature and heat flow by subjecting pure sub- 
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stances with known melting points and enthalpies of 
fusion to the same heating program under identical 
conditions. There are ASTM International procedures 
for conducting such calibrations. 


Because of the small sample size, DSC does not pro- 
vide a meaningful indication of the safe operating tem- 
perature for a full-scale manufacturing process (i.e., 
the thermal runaway temperature, which depends on 
the sample size). In addition, because of the small 
sample size, it may be difficult to produce a pyro- 
technic composition that is sufficiently well-mixed at 
the scale of the DSC sample. Typically, several sam- 
ples would be tested as well as each pure component. 


Typical thermal curves for a sample of Black Powder 
in an open pan (5 mg) and in a sealed glass micro- 
ampoule (0.5 mg) are presented below. The heating 
rate was 5 °C per min with a nitrogen [N2] gas purge of 
50 cm? per min. In addition, the DSC baselines were 
shifted relative to each other for clarity, and a portion 
of the open aluminum [Al] pan data was enlarged. 


=——= Open Al pan 
eons Glass ampoule 


| (1)(2) 


(3) 


90 110 130 150 
Temperature (°C) 


—s 


Endo (Q/mW) 


(=) 
— 
=) 
=] 


200 300 400 500 
Temperature (°C) 


In the temperature range below 200 °C, the DSC curve 
(open Al pan) shows (in the inset graph) the rhombic 
to monoclinic sulfur phase transition at 108 °C (1), 
the melting of sulfur at 116 °C (2), and the potassium 
nitrate rhombic to trigonal phase transition at 133 °C 
(3). Since these are endothermic processes, they ap- 
pear as negative peaks in the thermal curve (i.e., the 
heat flow is absorbed by the sample). 


In the 200 to 450 °C temperature range, the features 
of the open Al pan DSC curve are: a gradual increase 
in exothermic heat flow starting around 200 °C, a 
sharp endothermic peak indicating the melting point of 
potassium nitrate (330 °C, (4)), and a broad exother- 
mic peak, between 350 and 450 °C, corresponding to 
the oxidation of the charcoal by potassium nitrate. 


As can be seen, the experimental conditions have a 
strong influence on the observed behavior since the 
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curve obtained in the sealed glass micro-ampoule is 
significantly different from that obtained in the open 
pan. For the former, the potassium nitrate phase tran- 
sition is still observed (3), but the onset of the char- 
coal/potassium nitrate reaction occurs at a much lower 
temperature (265 °C), so that the endothermic peak, 
which corresponds to the melting of potassium nitrate 
(4), disappears; it is masked entirely by the complex 
exothermic structure. This is probably due to the fact 
that the reaction gases cannot escape and that these 
gases accelerate the reaction (by autocatalysis). 


The data and photographs in this entry were repro- 
duced with the permission of the Minister of Public 
Works and Government Services, courtesy of Natural 
Resources Canada, 2011. 


DIFFERENTIAL THERMAL ANALYSIS — (Abbreviated 
DTA) — One of the methods used to study the thermal 
properties of pyrotechnic compositions. DTA is a 
technique in which the difference in temperature be- 
tween a sample and an inert reference substance is 
measured as the two specimens are subjected to an 
identical temperature program. 


If the test sample generates heat, its temperature will 
be higher than that of the reference sample. If the 
sample absorbs heat, its temperature will be lower. 
During the temperature program, the specimens are 
most often heated at a constant rate (typically ranging 
from 2 to 20 °C per minute) or held at constant tem- 
perature (isothermal). One advantage of the DTA 
technique is that the instrument design can be made 
relatively robust so that much higher temperatures 
than those achievable in differential scanning calo- 
rimetry (DSC) can be attained, with temperatures up 
to 1500 °C. A schematic diagram of a typical DTA 
apparatus is illustrated below. 
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A somewhat typical compound instrument is shown 
below. 
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In this case, the instrument also monitors the mass of 
the specimens during the experiments (See thermogra- 
vimetry, TG). This instrument is also interfaced with 
a mass spectrometer and a Fourier transform infrared 
(FTIR) spectrometer for the analysis of evolved gases. 


A close-up view of the sample and furnace, in the 
open position, is shown below. 


In these instruments, the sample size is limited to ap- 
proximately 10 mg for pyrotechnic compositions to 
prevent damage to the instrument. Because of this 
small sample size, it can be difficult to get samples 
that are sufficiently well-mixed on the scale of the 
sample. Typically, several samples would be tested as 
well as each pure component of the composition. The 
sample and reference material are normally contained 
in small open aluminum pans. Experiments can be 
conducted in air or an inert atmosphere (nitrogen, he- 
lium or argon). The nature of the gas and the purge 
rate (cm*/min) are normally quoted as parameters of 
the experiment. Unlike differential scanning calorim- 
etry, DTA only provides qualitative information on 
heat flow into and out of the energetic sample. 


Prior to any experiment with a sample to be investi- 
gated, the DTA instrument is normally calibrated for 
temperature by subjecting pure substances with 
known melting points to the same heating program 
under identical conditions. There are ASTM Interna- 
tional procedures for conducting such a calibration. 
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A typical DTA curve for 5 mg of 5FA Black Powder 
heated at 5 °C per min in a constant flow of dry air 
(50 cm?/min) is presented below. 
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Many features can be observed in the DTA curve, and 
the interpretation of these features is assisted by the 
evolved gas identification capability of this instrument. 


The negative slope of the curve between ambient and 
200 °C indicates the presence of an evaporative pro- 
cess. This is probably due to the evaporation of sulfur. 
In this temperature range, one can also observe the 
rhombic to monoclinic sulfur phase transition at 108 °C 
(1), the melting of sulfur at 116 °C (2), and the potas- 
sium nitrate rhombic to trigonal phase transition at 
133 °C (3). Since these are endothermic processes, 
they appear as negative peaks in the thermal curve 
(i.e., heat is absorbed by the sample). A broad ex- 
otherm is observed around 235 °C (4). This is due to 
the oxidation of the remaining sulfur in the liquid 
phase. Another broad exotherm can be seen (5), ex- 
tending from 275 to 350 °C and peaking at 325 °C, to 
partially mask the potassium nitrate melting endo- 
therm at 330 °C (6). The former is probably due to 
the oxidation of free carbon from the decomposition 
of the hydrocarbons contained in the charcoal, which 
is promoted by the presence of oxygen in the purge 
gas. The last broad exotherm, extending from 350 to 
450 °C, corresponds to the oxidation of the charcoal 
by potassium nitrate. 


The data and photographs in this entry were repro- 
duced with the permission of the Minister of Public 
Works and Government Services, courtesy of Natural 
Resources Canada, 2011. 


DIFFRACTION — Distortion of waves by obstacles or 
openings, the dimensions of which are comparable to 
the wavelength of the waves. This provides the basis 
for the analytical technique of X-ray powder diffrac- 
tometry, which is capable of identifying the detailed 
structural nature of crystalline substances. Because 
crystalline substances have nearly unique structures, 
X-ray powder diffractometry will very often be capa- 
ble of unambiguously identifying a substance. 
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DIFFRACTION GRATING — Originally, a set of fine 
parallel wires spaced closely together, sometimes, a 
set of fine grooves on a transparent background, and 
now commonly a set of fine grooves on a reflective 
background. This arrangement has the ability to dif- 
fract light, resulting in a similar effect to that of the 
dispersion of light by a prism; thus, it allows the ex- 
amination and analysis of the spectral composition of 
the incident light. 


DIFFRACTION PATTERN and DIFFRACTOMETRY, 
X-RAY POWDER - See X-ray powder diffractometry. 


DIFFUSION FLAME - See flame type. 


DIFFUSIVITY, THERMAL — A measure of the rate of 
heat transfer within a material, given by the thermal 
conductivity of the material divided by the product of 
its density and its specific heat capacity at constant 
pressure. Thermal diffusivity has SI units of m?/s. 


DIHYDRIC ALCOHOL — See glycol. 
1,2-DIHYDROXY-PROPANE -— See /,2-propanediol. 


DILUENT — Any material added to decrease the con- 
centration (or abundance) of the substance of interest 
in a mixture. For example, water added to an unpalat- 
ably strong cup of coffee is a diluent of the coffee. 


DELUGE FIRE SUPPRESSION SYSTEM - See fire 
suppression system, explosive. 


DIMER — A molecule consisting of two identical mole- 
cules linked together. In pyrotechnics, the occasionally 
used chlorine donor, Dechlorane™, is a dimer of 
hexachloro-cyclopentadiene. In rocketry, red fuming 
nitric acid has occasionally been used as an oxidizing 
propellant. The red fumes are dinitrogen tetroxide 
[N2Oa], a dimer of nitrogen dioxide [NOz]. 


2,4-DIMETHYL-AMINOETHYL-BENZENE — See oil 
yellow. 


DIMETHYL CARBINOL — See 2-propanol. 


2,3-DIMETHYL-2,3-DINITRO-BUTANE — (Abbreviated 
DMDNB or DMNB) 


2,3-Dimethyl-2,3-dinitro-butane is one of four possi- 
ble detection taggant chemicals that must be added to 
plastic explosives under the 1998 International Civil 
Aviation Organization’s “Convention on the Marking 
of Explosives for the Purpose of Identification”. 
Dogs are very sensitive to the scent of this chemical 
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and can detect as little as 0.5 part per billion as a va- 
por in the air; low levels can also be detected with a 
specialized ion-mobility spectrometer. This is always 
the taggant chemical used in the United States. Other 
taggants in use are ethanediol-dinitrate (also de- 
scribed as ethylene-glycol-dinitrate, EGDN, and used 
in Semtex), ortho-mononitro-toluene (o-MNT) and 
para-mononitro-toluene (p-MNT). 


DIMETHYL KETONE — See acetone. 
DIMETHYL-METHANE — See propane. 
N, N-DIMETHYL-P-AZOANILINE — See oil yellow. 


DIMPLE ACTUATOR and DIMPLE MOTOR -— See ac- 
tuator, explosive. 


DINITRO-CELLULOSE — See nitrocellulose. 
DINITROGEN MONOXIDE — See nitrous oxide. 
DINITRO-GLYCOL — See /-2-ethanediol dinitrate. 


DINITROSO-PENTAMETHYLENE-TETRAMINE — 
[(CH2)sNa(NO)2] — (Also DNPT; DPT; 3,7-di-N- 
nitroso-pentamethylene-tetramine; | ,5-endo- 
methylene-3,7-dinitroso-1,3,5,7-tetraaza- 
cyclooctane) — CAS {101-25-7}. 


A white to pale-yellow powder than has been occa- 
sionally recommended as an ingredient of smoke- 
generating pyrotechnic compositions. It is commonly 
used as a blowing agent in the manufacture of 
foamed plastics. 


Structural Formula: 


h 
O=N—N N—N=O 
Characteristic 


g/mol _| 


Decomp. 


Rea ae ce 
228 kJ/mol 


a) Calculated from CsH1o0NeOz. 

) www.shivamadhesive.com/rubber-blowing-agent.html 
c) www.eiwa-chem.co.jp/en/product/types.html 
) 


www.webbook.nist.gov/cgi/cbook.cgi?ID=C 101257&Mask=2#Thermo- 
Condensed 
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Hazard information: Self-decomposition or self- 
ignition of — dinitroso-pentamethylene-tetramine 
(DNPT) may be triggered by heat, chemical reaction, 
friction or impact. It may be ignited by heat, sparks 
or flames, and may burn violently. DNPT may de- 
compose explosively when heated or involved in a 
fire. Its decomposition may be self-accelerating and 
produce large amounts of gases. DNPT vapors or 
dust may ignite on heating to moderate temperatures. 


DNPT is acutely toxic if ingested. Data for chronic ex- 
posure effects, or for exposure limits, of DNPT could 
not be found. Its decomposition products include high- 
ly toxic carbon monoxide, oxides of nitrogen and for- 
maldehyde {CAS No. 50-00-0}. The latter is a potent 
sensitizer, a probable human carcinogen, and is clas- 
sified by NIOSH as immediately dangerous to life 
and health at a concentration of only 20 ppm in air. 


UN hazard classification: PSN: self-reactive solid type 
C(N,N-Dinitrosopentamethylenetetramine); HC: 4.1 — 
flammable solid (UN3224). 


Pyrotechnic uses: US Patent 3,042,580 awarded in 
1962 to German inventors Ernst Jacobi and Hans 
Bremer of Darmstadt, disclosed aerosol-generating 
compositions based on dinitroso-pentamethylene- 
tetramine (DNPT). The inventors stated that DNPT: 


“permits the preparation of mixtures which, 
when locally ignited or heated, react progres- 
sively through the mass, whereby within the re- 
action zone the temperature is temporarily ele- 
vated and a large volume of gas is evolved. The 
peak temperature can be lowered to substantial- 
ly below 200 °C by including a suitable propor- 
tion of known or inert fillers.” 


Such compositions were said to be particularly suited 
to the volatilization of heat-sensitive materials to 
produce useful aerosols or smokes. Applications en- 
visaged were in pest control, plant protection, disin- 
fection, fireworks and signaling. Examples included 
mixtures to volatilize organic dyestuffs and thus pro- 
duce colored smoke, and others that generated smoke 
consisting primarily of volatilized pesticides, bacteri- 
cides and fungicides. A major disadvantage is the 
possible generation of highly toxic reaction products. 


DINOL — See diazo-dinitro-phenol. 


DIOCTYL-ADIPATE and DIOCTYL-PHTHALATE — See 
ethylhexyl adipate. 


DIODE — A two-terminal device with low resistance to 
electric current in one direction and very high re- 
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sistance in the reverse direction. A diode is thus use- 
ful as a rectifier that converts alternating current (AC) 
into direct current (DC). Although electron-tube di- 
odes were once common, today almost all diodes are 
semiconductor devices. Diodes perform a critically 
important function in multi-ground firing systems. 


Common diodes can be used in isolating firing cir- 
cuits in multi-ground firing units. 


A light-emitting diode (LED) produces light as current 
passes through in its low resistance direction. Light 
emitting diodes are often used in firing control units 
to safely indicate that a firing circuit has electric con- 
tinuity. 


DIODE, PYROTECHNIC — See fuse diode. 


DIP (noun) — A mixture commonly used in the manu- 


facture of British-style fireworks to seal the ends of 
small firework cases (i.e., tubes) after dubbing-in the 
tube. Dip helps ensure that pyrotechnic composition 
does not leak out of the firework during handling and 
shipping. Dip was typically composed of 2 parts of 
animal or hide glue and | part of lead(II,II,[V) oxide 
(red lead). 


Dip was made by breaking a mass of hide glue into 
small pieces and then placing them into a carpenter’s 
gluepot. (This was a metal vessel with an outer pot 
that contained water and an inner pot for the glue.) 
The pieces of glue were covered with water and left 
to stand until they were soft. The glue pot was then 
set over a fire to boil the water in the outer pot, thus 
gently heating the glue. Heating continued until the 
glue was completely liquefied, with more water being 
added as required to achieve the desired viscosity. 
The water in the outer pot was also replenished as 
needed. The red lead was then added to the melted 
glue in small portions, with stirring, to form a smooth 
suspension. The dip was then ready for use by immers- 
ing the dubbed-in end of the tube into the dip. An ex- 
ample of a dipped tube end is shown below on the left. 
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After use, it was recommended that some hot water 
from the outer pot be added to the dip to prevent its 
setting hard on storage. If the dip were allowed to get 
hard in the pot, it was likely to become stringy and 
lumpy when next melted, thus proving to be unsuita- 
ble for further use. 


An alternate formulation for dip, not based on poi- 
sonous lead(II,II,IV) oxide, is presented below (Rich- 
ardson and Watts, 1865). 


Ingredient 


a) Purified mutton fat. 
b) Red pigment, iron(Ill) oxide. 
c) A product of distilling pine resin. 


The stated directions are: “All this must be melted 
over a slow fire and kept stirred until it becomes of 
the consistency of thick treacle; and the dipping should 
not be commenced until the unblended color or 
drossy matter has settled down.” 

DIPHENYL DIETHYL UREA — See ethy/ centralite. 

DIPOTASSIUM MONOXIDE - See potassium oxide. 

DIPPED STICK — Any firework device made by coating 
a wire or wooden stick with pyrotechnic composition. 
It may produce a colored or brilliant-white flame or a 
sparking effect, and it may be described as a Bengal 
stick. 

DIPPED-STICK SPARKLER -— See sparkler. 

DIPPED-WIRE SPARKLER -— See sparkler. 

DIRECT IGNITION (flame effect) — An automatic or 
manual ignition system that ignites flame effect fuel 


without the use of a pilot. 


DIRECTIONAL SHORT CIRCUITER — (Abbreviated 
DSC) - See short circuit effect (short circuit preload). 


DIRECT PRODUCT -— See scalar product. 
DIRECT STAGING — See rocket, multistage. 


DISC CAP — See foy cap. 
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DISCHARGE - (Also discharging) — A term with at 
least two different meanings in pyrotechnics and 
electronics. 


In pyrotechnics: Discharge may describe the ignition, 
initiation or firing of an energetic material or device 
by any means (e.g., flame, friction, impact or electric 
current). 


In electronics: A discharge is brought about by the 
flow of current from a battery or capacitor. (See firing 
unit, capacitive discharge.) 


DISCHARGE AREA and DISCHARGE SITE (fireworks) 
— (Also firing site) — The relatively small area within 
the fallout area that immediately surrounds the mor- 
tars or other firework devices at a display site. The 
discharge site often includes any area where any type 
of firework device is ignited, but in some regulations 
the discharge site specifically refers to that area sur- 
rounding the firework mortars for aerial shells. 


DISCRETE — Individual or isolated in reference to par- 
ticles, such as the individual particles in an unconsol- 
idated (i.e., loose or uncompacted) pyrotechnic com- 
position. 


DISC, RUPTURE — See rupture disc. 
DISH MORTAR — See pan mortar. 
DISK MATCH — See match, tear-off. 
DISK MILL — See mill. 


DISODIUM ETHANEDIOATE and DISODIUM OXALATE 
— See sodium oxalate. 


DISODIUM SULFATE — See sodium sulfate. 


DISPERSANT and DISPERSING AGENT — (Also sur- 
factant) — A surface-active substance that aids in dis- 
tributing solid particles into a liquid medium by re- 
ducing its surface tension. Dispersants can be useful 
in some pyrotechnic compositions, especially those 
containing lampblack or paint-grade flake aluminum. 


DISPERSED DUST CLOUD — See dust cloud, dispersed. 


DISPERSION — The separation of a ray of light into a 
range of spectral colors. (See color measurement 
(spectral color).) The process of dispersion is the basis 
for all forms of light spectroscopy, which may be 
produced by refraction with a prism (illustrated be- 
low) or by diffraction with a diffraction grating. 
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In this illustration, the dark area below red corre- 
sponds to the invisible infrared portion of the spec- 
trum, and the dark above violet corresponds to the 
invisible ultra-violet portion of the spectrum. 


DISPLACEMENT — A vector quantity that specifies the 
change in position of a body or particle usually 
measured from the origin or a previous position. It is 
the shortest distance along a single line from the be- 
ginning to the end. The difference between the dis- 
tance traveled along a path and the displacement vec- 
tor is illustrated below. 


Displacement 


In_ fireworks: Aerial shell drift is the displacement be- 
tween the predicted and actual points of fall of a dud 
shell. 


DISPLACEMENT REACTION — See chemical reaction 
type. 


DISPLAY AREA — See display site. 
DISPLAY CANDLE — See Roman candle. 


DISPLAY CREW — Those people with the responsibility 
to set up and perform a firework display. In addition to 
the display operator, a typical display crew consists 
of a number of assistants. 


For manually fired displays with reloading: In addition 
to the display operator, there will generally be one or 


more groups of four assistants: a shooter, a ready box 
tender and two loaders. Farther below is an illustra- 
tion of a typical display setup and personnel assign- 
ments for a relatively small display. 


By separating the line of mortars near the middle, it is 
possible for the shooter to be working on one side, 
well away from the loaders working on the other 
side. This decreases the probability that a firing mal- 
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function will injure the loaders. By having two loaders, 
it is possible for loading to occur at a rate approxi- 
mately equal to the rate of firing by the shooter. It is 
also possible for each loader to load only one size 
shell on each side of the firing line, which reduces the 
probability of loading errors. 


There may be another crew member, described as a 
spotter, who monitors the performance of the shells 
being fired, if that operation is not being performed 
by the display operator. In addition, there needs to be 
a number of crowd-control monitors (normally pro- 
vided by the sponsor of a display) located outside the 
fallout area, and whose job is to prevent spectators 
from entering the display site. 


For information about how the activities of the various 
crew members are carried out, see manual firework 
display crew assignments. 


DISPLAY DESIGN (fireworks) — See choreographed 
firework display. 


DISPLAY FIREWORK AERIAL SHELL -— See aerial shell 
(fireworks). 


DISPLAY FIREWORK FOUNTAIN — See fountain type. 


DISPLAY FIREWORK MORTAR — See mortar (fire- 
works). 


DISPLAY FIREWORKS -— Fireworks intended for pro- 
fessional use. 


In the US: Display fireworks are regulated as explo- 
sives by the US Bureau of Alcohol Tobacco, Fire- 
arms and Explosives and must be stored in a maga- 
zine. Display fireworks include all fireworks exceed- 
ing the limits placed on consumer fireworks. In the 
US, the limits are codified in the Standard APA 87-1, 
and they are classed by the US Department of Trans- 
portation as Fireworks, UN0335, 1.3G. 
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In Canada: Display fireworks are different from con- 
sumer fireworks, which are designed for recreational 
use by members of the public. In recent years, fire- 
crackers are also classified as display fireworks. 


In the UK: Display fireworks are those suitable for 
outdoor use in large open spaces. In the British 
Standard BS 7114 and the European Standard EN 
14035, Category 3 is for fireworks for consumer use 
and Category 4 are those for professional use. 


DISPLAY LIST — See performance plan. 


DISPLAY OPERATOR -— The person with overall respon- 
sibility for the safe setup, performance and cleanup of a 
firework display. The display operator normally has a 
number of assistants (see display crew). 


DISPLAY PLAN (fireworks) — See performance plan. 


DISPLAY SITE — (Also display area or safety area) — The 
total area from which the public must be excluded 
during a firework display. This includes the discharge 
site, the fallout area and the space separating specta- 
tors from the discharge site, which is based on the size 
of the largest aerial shell to be used in the display. 
Unless otherwise approved by the authority having 
jurisdiction, the minimum radius of the display site, 
as recommended in the US by the National Fire Pro- 
tection Association (NFPA 1123-2010), for various 
sized aerial shells is presented in the following table. 


Minimum Radius of 
Display Site 


Shell Size 


a) By approval of the authority having jurisdiction. 


The radius of the display site is determined based on 
the largest circle that can be drawn within the secured 
boundaries of site. Thus, in the illustration below, the 
presence or absence of the two areas (a) and (b) have 
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no effect on determining the largest size aerial shell 
that may be used in a display at that site. 


— Typical ==) 
Secured Boundary 


An important additional consideration, in determining 
the largest shell that can be used in a display at a given 
site, can be the distance from the mortars to special 
hazards. (Special hazards include bulk storage facili- 
ties for materials with flammable, explosive or toxic 
hazards. In addition, health care, detention and cor- 
rectional facilities are considered special hazards, un- 
less approved by the authority having jurisdiction and 
the facility in question.) The distance to these special 
hazards must be at least twice that presented in the 
above table. Additionally, wind direction and velocity 
should be considered when determining the appropri- 
ate safety distances. 


In the US chain-fused items (e.g., aerial shells, multi- 
ple-tube devices and Roman candles), must be con- 
sidered as having a size twice their actual size. This is 
because of the possibility of a chain-fused device tip- 
ping over or becoming damaged and firing sidewise 
or in some other inappropriate direction. Consider a 
display where the largest shells to be fired are 5-inch 
(125-mm) shells, but the display also includes chain- 
fused 3-inch (75-mm) shells fired from typical mortar 
racks. In this case, the required minimum display site 
radius is the 420 feet (128 m) required for the chain- 
fused 3-inch shells and not the 350 feet (107 m) that 
would otherwise be required for the 5-inch shells. 


In the event that the mortar otherwise determining the 
minimum display site size will not fire a shell, but will 
fire only non-splitting or non-bursting comet, or a mine 
only containing non-splitting or non-bursting comets, 
then the minimum display site size required in the US 
is only one half that presented in the above table. 
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DISPLAY SITE PLAN — See performance plan. 


DISPLAY SITE STORAGE — The short-term holding of 
fireworks at the display site after transportation from 
a magazine. Usually the fireworks will be kept in the 
vehiclein which they arrived or placed in ready boxes 
until they can be inspected, sorted and set up for the 
display. 


DISPOSAL, PYROTECHNIC — From a technical stand- 
point, small quantities of loose composition and some 
devices can usually be safely burned in the open. 
Large devices, such as firework aerial shells, can be 
soaked in water for several days followed by their 
disassembly and open burning of the contents in 
small quantity. For other methods, see dud shell (dud 
disposal). 


One means of controlling the rate of burning pyro- 
technic compositions during disposal operations is to 
first mix those materials with fuel oil. This does not 
preclude their being burned but will greatly slow the 
rate of burning. This is because, as long as some liq- 
uid fuel oil remains, and the ignition temperature of 
the pyrotechnic compositions is greater than the boil- 
ing point (150 to 300 °C) of the fuel oil, the pyro- 
technic compositions will not ignite and burn. It is 
only as the fuel oil is being consumed by burning that 
the pyrotechnic compositions will then ignite and 
burn, normally in a relatively slow process. In a 
demonstration, a 50-g (1.8-ounce) charge of firework 
flash powder was ignited using an electric match. It 
exploded powerfully in no more than a few millisec- 
onds. Then a second 500-g (1.1-pound) charge of the 
same flash powered was thoroughly wetted with diesel 
fuel and ignited. This time the flash powder was con- 
sumed by mild burning over a period of more than a 
minute. 


Serious regulatory problems can be associated with 
the disposal of hazardous wastes. For that reason, al- 
ternatives such as remanufacturing and reuse are of- 
ten worth considering. Another possibility is to do- 
nate the materials to be used for training purpose by 
the local bomb squad (if they are willing to accept 
them). Finally, although much more expensive, there 
are a few properly licensed services that can transport 
and dispose of pyrotechnic materials. 


If fireworks are not damaged but have been confis- 
cated by law enforcement as the result of some of- 
fence, it is often possible and desirable to channel (or 
sell) the material back into legal commerce. This 
avoids the time, expense and danger of destroying the 
devices. 
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DISPROPORTIONATION REACTION (chemistry) — See 
chemical reaction type. 


DISSOCIATION, THERMAL — The decomposition at 
high temperature of gaseous molecules into other 
chemical species, which may recombine in various 
ways at a lower temperature, if conditions permit. 
The potential for thermal dissociation of color spe- 
cies, limits the temperatures (and brightness) of col- 
ored pyrotechnic flames. It can also be important in 
some calculations involving the combustion products 
of propellants. 


DISSOLUTION — The process of a substance (i.e., so- 
lute) being dissolved by another (i.e., solvent). 


DISTANCE, AERIAL SHELL DRIFT — See aerial shell 
drift. 


DISTANCE, SAFETY and DISTANCE, SEPARATION — 
See separation distance (amateur rocketry), separation 
distance (consumer fireworks), separation distance 
(display fireworks) or separation distance (proximate 
audience) and quantity distance. 


DISTILLATION — A process used to separate one or 
more components of a mixture of liquids. Distillation 
involves a change of state from a liquid to a gas and 
subsequent condensation back to a liquid. For distil- 
lation to successfully separate the components of a 
mixture, those components must not form mixtures 
having the same composition in the liquid and vapor 
phases. Such mixtures are described as azeotropes 
and cannot be separated by distillation. 


A simple laboratory distillation apparatus consists of 
three parts: container (i.e., flask) in which the mixture 
is heated, a condenser in which the vapor is cooled, 
and a vessel in which the condensed vapor, described 
as the distillate, is received as illustrated below. 


Condenser 
(Cooled with Water) 


p 


Flask 


fool Collection 
Vessel 
Heat Source 
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Upon gradual heating, the substance with the lowest 
boiling point vaporizes from the mixture, condenses 
and is collected in the distillate-receiving vessel. 
While that component is vaporizing, the temperature 
of the boiling mixture remains relatively constant. 
When that component has been removed, the temper- 
ature can then be increased, and the process repeated 
to distill the substance with the next lowest boiling 
point. The process of obtaining portions (or fractions) 
in this way is described as fractional distillation. 


Distillation can be used to reclaim solvents used in 
the manufacture of explosives. It can also be used to 
reconstitute mixed acid that has been used in the ni- 
tration process. 


In destructive distillation, various solid substances, 
such as wood and coal, are heated in the absence of 
air, and the gaseous products created by chemical re- 
action are driven off and collected. 


DISTRESS SIGNAL — See flare (noun) and signal flare. 
DITCHING DYNAMITE — See dynamite, ditching. 


DIVERGENT HALF-ANGLE (rocketry) — (Symbol: a) — 
In a conical rocket nozzle, the angle (a) between the 
nozzle exit section wall and its central axis is the di- 
vergent half-angle (illustrated below in cross section). 
A divergent half-angle of 15 degrees is commonly 
used. This provides a reasonable compromise be- 
tween nozzle efficiency and its mass. 


a 
~ a 
Convergent _ 
eeclion Divergent 
Section 


The half angle of the divergent section is used in cal- 
culating the nozzle divergence loss factor. 


DIVERSIONARY DEVICE - See grenade (stun grenade). 
DIVIDING WALL, SUBSTANTIAL — In a building, an 
interior wall designed to prevent the communication 
of an explosion from one side of a wall to the oppo- 


site side of a wall. 


DMDNB and DMNB — Abbreviations for 2,3- 
dimethyl-2,3-dinitro-butane. 


DNPT — See dinitroso-pentamethylene-tetramine. 
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DPT — See dinitroso-pentamethylene-tetramine. 


DOGHOUSE — A term with various meanings. 


In rocketry: Jargon for a protuberance that houses an 
instrument on the otherwise smooth skin of a rocket. 


In explosives: Jargon for a day box. 


In fireworks: Jargon for a safety shelter. 


DOMINANT WAVELENGTH and DOMINANT WAVE- 
LENGTH, COMPLEMENTARY ~— See color measure- 
ment (dominant wavelength). 


DONOR (explosives) — A charge of explosives, a build- 
ing or some other structure that supplies the explo- 
sive energy (i.e., stimulus) to a potential acceptor 
charge, building or target, see below. 


ee A 


Donor Building Acceptor Building 


DONOR CHARGE - An explosive charge that, when 
exploded, produces an impetus that impinges upon 
another explosive, an acceptor charge, such as in a 


gap test. 
Acceptor 
Charge 


DOPE -— A finishing compound consisting of nitrocellu- 
lose lacquer, solutions of cellulose acetate or various 
other soluble cellulosic compounds. Historically, dope 
was used in covering the fabric of early airplanes. 
Today, dope is still used in covering wood and fabric 
surfaces on model rockets and boost gliders. 


Firing Line 
Detonator 


<— Donor 
Charge 


If resistance to liquid fuel is needed, butyrate dope 
(i.e., cellulose acetate butyrate dope) can be used. 


DOT — Abbreviation for the US Department of Trans- 
portation. 
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DOUBLE BANGER - See firecracker, twice-exploding. 


DOUBLE-BASE POWDER and DOUBLE-BASE PRO- 
PELLANT — See smokeless powder type. 


DOUBLE-BASE PROPELLANT, CASTABLE; DOUBLE- 
BASE PROPELLANT, CROSS-LINKED; and DOU- 
BLE-BASE PROPELLANT, EXTRUDED — Sce propel- 
lant type (rocketry). 


DOUBLE-BREAK SHELL and DOUBLE-BUBBLE 
SHELL — See multibreak aerial shell. 


DOUBLE-CASE METHOD - See rinfasciature. 


DOUBLE-DECOMPOSITION REACTION (chemistry) _ 
See chemical reaction type. 


DOUBLE SAUCER - See girandola. 
DOUBLE-STRUNG METHOD - See rinfasciature. 


DOWNRANGE — The same direction as that expected 
for a projectile (with the opposite direction described 
as up-range). 


In rocketry: Downrange refers to the horizontal direc- 
tion of the cant of the launch rod or rail, which is of- 
ten into the wind. (The purpose is to have the rocket 
thendrift back up-range toward the launch area during 
the recovery phase.) 


In fireworks: Aerial fireworks are often aimed down- 
range, away from spectators for safety. (In that case, 
the direction toward the spectators would be de- 
scribed as up-range). 


DR — Abbreviation for dimensional ratio, see standard 
dimensional ratio. 


DRACYLIC ACID — See benzoic acid. 
DRAG — See drag force. 


DRAG, AERODYNAMIC — The total of the various com- 
ponents of drag force acting on a body in an airflow. 


DRAG COEFFICIENT — (Symbol: Ca) — A dimension- 
less, shape-dependent coefficient used to determine the 
aerodynamic drag force of an object. Drag coeffi- 
cient varies with velocity, among other factors such 
as air density; it is not a constant even for a given 
shape. 


In rocketry: For most amateur rockets, the drag coef- 
ficient ranges from approximately 0.4 to 0.8. A value 
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often used for small model rockets is 0.7. There is a 
large increase of the drag coefficient in the transonic 
and low supersonic velocity (see sonic velocity type) 
range. An example of this velocity dependence, expe- 
rienced during a high-power rocket flight, is presented 
below. 


1.0 
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In this case, the rocket was 4 inches 
in diameter and about 69 inches long 
(approximately 100 mm by 1.8 m) 
with a lift-off weight of 21 pounds 
(approximately 10 kg mass). It was 
powered with an L motor (4250 N:s 
with a burn time of 1.65 s). The rock- 
et, early in its flight, is shown at the 
right. (It might be of interest to note 
the presence of the secondary rocket 
exhaust plume and its weakly visible 
Mach diamonds.) The rocket was 
flown as normal and reached a max- 
imum velocity of approximately 
Mach 1.2. The raw data was then tak- 
en from an on-board recording ac- 
celerometer during the rocket’s de- 
celeration (i.e., its coasting phase) 
and used to calculate its drag coeffi- 
cient as a function of velocity. 


In_ fireworks: For spherical aerial 
shells, the drag coefficient ranges 
from approximately 0.2 to 0.5, over 
the typical range of shell velocities. 


Photo credit: Alan 
Whitmore and 
Jim Livingston 


DRAG FORCE — (Symbol: Fa) — (Also 
aerodynamic drag or drag) — The re- 
sistive force acting on an object moving through the 
air or other fluid medium. It acts on a projectile in the 
opposite direction from that of the momentum, and in 
an opposite direction from that of the thrust of a 
rocket during the powered stage of the rocket’s flight. 
The two sources of drag between an object and the 
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medium are pressure and friction. The drag force (Fz) 
can be calculated using the equation: 


FSC pv 


Here, Ca is the drag coefficient for the object, is the 
density of the fluid (e.g., air), S is the cross-sectional 
area of the object in the direction of its motion, and v 
is the velocity of the object relative to the fluid 
through which it is moving. Because the drag coeffi- 
cient is not constant (it is a function of velocity and 
other factors), drag force is usually determined in a 
wind tunnel (or flow tank) over a range of velocities. 
Drag force has several components and forms (de- 
scribed below). 


base drag — A component of aerodynamic drag 
caused by the creation of a low-pressure region di- 
rectly behind a moving object. The low pressure is 
caused by airflow separation behind the object. This 
low-pressure region, which can be thought of as a 
partial hole created by the passage of the object 
through the air or other fluid, causes a pressure im- 
balance on the object. 


In rocketry: Base drag can be minimized by keeping 
the diameter of the body tube as small as possible and 
by using a streamlined boat tail (see body tube coupler) 
to reduce the diameter of the base of the rocket and 
thus directs air into the low-pressure region. A smooth 
finish to the rocket body reduces premature flow sep- 
aration and helps reduce base drag. During the pow- 
ered stage of a rocket’s flight, base drag is reduced by 
the exhaust from the rocket motor. 


friction drag — (Also skin friction drag) — Drag that 
is influenced by the roughness of the surface of an 
object, the size of the object, the relative flow velocity 
past the object and the viscosity of the fluid. 


induced drag — Drag that is only produced when 
relative airflow is at an angle to an airfoil thereby 
creating aerodynamic lift. For example, when this hap- 
pens with a rocket fin, a secondary flow of air (down- 
wash) from high-pressure areas to low pressure areas 
occurs at the fin tip, creating vortices. The amount of 
downwash is proportional to the lift. The downwash 
combines with the original relative airflow to produce 
a relative airflow in a new direction, which has the 
effect of tilting the lift force vector toward the rear of 
the fin. The vector force associated with this tilting of 
the lift force vector is the induced drag. 


interference drag — Drag that is the result of the 
interference of airflows at the joint between two 
components of an object (e.g., a fin and the airframe 
of a rocket). This interference causes the combined 
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drag to be greater than the simple addition of their 
individual drag forces. 


parasitic drag — The sum of friction drag and pres- 
sure drag for a shape or combination of shapes. It 
does not include induced drag. 


pressure drag — (Also form drag or profile drag) — 
The drag acting on an object caused by the differences 
in pressures acting on it. The shape and angle of attack 
of an object has a marked influence on the magnitude of 
this type of drag. For example, a streamlined rocket 
fin has much less drag than a fin of the same shape 
but without streamlining (1.e., a fin of constant thick- 
ness) when moving in the intended direction relative to 
the air. When moving in a direction perpendicular to 
the intended direction both fins would be subject to 
much greater drag and the difference between the drag 
force on each fin would be much less. 


viscous drag — The drag resulting from the viscous 
properties of the fluid in which an object is moving. 
Viscous drag is only of practical significance at ex- 
tremely low Reynolds numbers. 


DRAG FORM FACTOR — (Symbol: Ds) — The mathemat- 


ical product of an object’s drag coefficient (Ca) and its 
reference area (5), most generally the cross-sectional 
area of the object in the direction of its motion: 


D.=CAS 


From the defining relationship for drag force, the 
drag form factor is equal to twice the drag force (Fz) 
acting on an object divided by fluid density (p) and 
the square of the object’s velocity (v”): 


oF 


Drag form factor for an object is used to scale its drag 
force value from the dimensionless drag coefficient. 


Theoretically, every object of a similar shape has the 
same drag coefficient regardless of its size (i.e., both 
a grain of rice and a Zeppelin would have the same 
drag coefficient at the same Reynolds number). Mul- 
tiplying by the cross-sectional area allows a better 
comparison of the drag force for objects with the 
same shape but different sizes. Considering the Reyn- 
olds number would further improve the comparison. 


DRAGON BREATH (stage effect) — See Lycopodium 


powder. 


DRAGON DANCE -— A traditional Chinese ceremony 


performed during Chinese New Year celebrations in- 
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volving an elaborate, colorful paper-maché and cloth 
dragon. The dragon is animated by several internal 
performers who parade about in a choreographed 
dance. Traditionally, packs of special firecrackers that 
have especially fast burning fuses are lit at various 
points during the dance and fire very quickly, adding 
significantly to the spectacle. 


DRAGON EGG EFFECT - See crackling microstar effect. 


DRAGON EGGS — Items producing a crackling mi- 
crostar effect first appeared in the 1980s in Chinese 
consumer fireworks. Initially these items were nearly 
universally described as dragon eggs. More recently, 
these same items are sold under a wide variety of 
names, for example, the Blasts shown below. 


Initially, these items contained granules of crackling 
microstar composition incorporated into a relatively 
fast burning Black Powder type composition. These 
were typically formed into a pellet about 42-inch in 
diameter, wrapped in foil or paper and ignited with a 
piece of small diameter visco fuse. 


More recently, the typical 
construction of dragon 
eggs has been modified. 
Now it is common for the 
individual crackling 
granules to each be very 
heavily coated with a 
prime composition, 
which forms the crackling microstars. This is shown 
in the photomicrograph at the right of a crackling mi- 
crostar that was sectioned in two. The brownish, 
light-speckled composition, approximately 0.06 inch 
(1.5 mm) in diameter, (in the center of the microstar) 
is the dragon egg granule. The black composition sur- 
rounding it is the prime composition. 


A collection of crackling microstars are then simply 
wrapped as a group in tissue paper, fused and loaded 
into a small plastic cup set, shown below. 
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dragon egg formulations have been adapted for various 
other uses in both consumer and display fireworks. 
They are used in the core of color-changing stars, as 
microstars added to comets, and as microstars simply 
added to the contents of nearly any type of aerial 
shell or other type of firework device. Dragon eggs 
continue to find new and effective applications in 
both consumer and display fireworks. 


DRAGON’S BREATH (ammunition) — A specialty shot 


shell with a pyrotechnic load that produces flame and 
many long-range burning particles (i.e., sparks). A cut- 
away example of this type of ammunition is shown 
below. 


In this case, the burning particles are produced from 
granular titanium and zirconium, which has been heat- 
ed by the smokeless powder propellant and then burn 
in atmospheric oxygen as they are projected through 
the air. For this ammunition, the range of the burning 
particles can be as much as 250 feet (75 m). The 
spark-producing material may also be mischmetal. 


DRAGON’S BREATH (stage effect) — See Lycopodium 


powder. 


DRAGON SHELL (fireworks) — A type of parachute 


shell in which one or more brightly colored flares or 
smoke cartridges are suspended by a parachute. 
These shells can be used as daytime shells if smoke 
cartridges are used. If bright flares are used, they can 
be effective night effects. Smoke dragon shells typi- 
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cally produce a sinuous trail of smoke that often ap- 
pears as a spiral, as the burning case slowly propels 
itself around the cord suspending it from the para- 
chute. The effect can be quite mysterious at night when 
a bright flare is used, and the parachute is unseen. 


DRAG PARACHUTE — See parachute. 


DRAG RECOVERY — A form of model rocket recovery 
that uses the physical characteristics of the model it- 
self without the deployment of an ancillary system. 
This is only practical when the rocket has a large 
frontal area and is relatively lightweight. Flying sau- 
cer model rockets are an example of those capable of 
being recovered by this method. 


All forms of recovery (e.g., deployed parachutes and 
streamers) are based on one form or another of drag 
recovery, since these recovery methods are based on 
increasing the surface area acted upon by drag. 


DRAG SEPARATION — See Lovelace effect. 
DRAG, SKIN FRICTION — See drag force (friction drag). 


DRAW-OUT SHELL — See aerial shell name and de- 
scription (specific). 


DREAMSTAR and DREAM-STAR - See ice fountain. 
DRIFT (noun) — See rammer. 


DRIFT — The phenomenon of a value (often the output 
of a measuring instrument) changing, normally rather 
slowly, or of a moving object straying from its ex- 
pected or intended course. 


electronic drift — Electronic circuits may drift be- 
cause of such things as thermal effects on circuit 
components. For example, when measuring the thrust 
of a rocket motor in a thrust stand, it is important to 
verify the absence of drift by taking a zero-force 
readout both immediately before and after recording 
the thrust profile of the motor. 


shell drift (fireworks) — See aerial shell drift. 


wind drift—The alteration of the course or trajectory 
of a freely moving object because of the action of the 
wind. 


For aerial shells: Because of the relatively high mass 
of aerial shells (especially large caliber shells), the ef- 
fect of modest wind is relatively small. For the ex- 
pected drift of dud shells of various sizes and the 
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amount of mortar angling need to correct for wind, 
see aerial shell wind drift. 


For rockets: Wind drift describes the downwind dis- 
placement of a rocket during the full course of its 
flight. This is in contrast to weathercocking, which is 
an upwind re-aiming of a rocket during the initial few 
moments of its flight. 


For rockets deploying a recovery device, such as a 
parachute near its apogee, the vast majority of the 
wind drift (i.e., displacement) occurs during the slow 
descent during the recovery phase. For this reason, it 
is common for rockets (especially high-power rockets 
traveling to high altitudes) not to deploy their primary 
recovery device until having first descended to a rela- 
tively low altitude. 


wind deflection (rocketry) — See weathercocking. 
DRIFT EFFECT (fireworks) — See aerial shell drift. 
DRIFT SIGNAL — See marine signal (floating flare). 
DRILL HOLE (blasting) — See blast hole. 


DRIVEN IN — A jargon expression for the phenomenon 
whereby a moistened pyrotechnic composition dries 
with a substantially impermeable surface layer (skin), 
leaving moist composition beneath. The inner com- 
position remains moist for a greatly extended time and 
is unable to dry because of the impermeability of the 
surface layer. The water (or other solvent) that remains 
in the composition may be said to have been driven in. 


The impervious superficial layer is thought to contain 
excess binder that has migrated to the surface during 
drying. This is discussed in prime ignitability (prime 
binder skin). This phenomenon has not yet been sub- 
ject to rigorous scientific study. 


When this skin effect happens to prime applied to a 
time fuse, it can cause an aerial shell to fail to ignite 
upon its firing from its mortar. In stars or comets, it 
can result in their brief ignition that quickly becomes 
extinguished when the fire front reaches the mois- 
ture-laden portion of the item. (See the example given 
in propagation inequality.) Thus, stars or comets, 
which appear to be well dried, may ignite upon firing 
but may produce dangerous half-dried, un-ignited 
pellets that fall to the ground from a great height. 


The skin effect phenomenon occurs more commonly 
in compositions containing a relatively large amount of 
binder, those that have been made with an excess of 
solvent, and those that have been force-dried too 
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quickly (such as being dried in direct sunlight), or 
that were dried using heated air-currents. 


Slower drying in the shade and using a minimum 
percentage of binder and solvent, helps prevent the 
skin effect. Another preventative measure that is ef- 
fective for pumped comets is to design a comet pump 
that produces a centrally located cylindrical hole 
passing entirely through the middle of the comet. 
This allows air to flow through the hole, which en- 
courages the more even and complete drying of the 
comet. A hole through a cylindrical comet also pro- 
duces a denser spark effect because of the increase in 
burning surface area. 


DRIVER -— (Also pusher, turner or turning case) — A 
thrust-producing device used to induce the rotation of 
a firework wheel or other moving portion of a setpiece. 
A driver is constructed with a strong paper case that 
is closed on one end with a plug and on the other end 
by a nozzle or choke, 
and it is charged with a 
fast-burning pyrotech- 
nic composition. It is 


Quick Match 


3 | 6<———_ String Ties 


usual for the composi- Black Match 
tion to produce sparks, <— Nosing 
but in some instances 
(as in complex setpiec- Clay Choke 
es) a spark-free compo- Prime Layer 
sition may be used so 
that the source of the 

. eon <—— Tube 
rotational motion is not 
obvious to the specta- Driver 
tors. The construction Composition 
of a driver is illustrated 
at the right in cross sec- Plug 


tion. 


In effect, a driver is a thrust-producing gerb, (see 
fountain and gerb composition). Some of the more 
energetic gerb compositions may work well in drivers. 
Compositions with a higher percentage of meal powder 
are used in many drivers. The formulations presented 
farther below provide ample thrust, even for use on 
large wheels, as well as providing a dense spray of 
sparks. 


DROGUE GUN and DROGUE PARACHUTE -— See para- 
chute. 


DROP-HAMMER TEST and DROP-WEIGHT IMPACT 
TEST — See ignition sensitiveness (impact sensitive- 
ness). 


Encyclopedic Dictionary of Pyrotechnics 


1 to 3) Hardt, 2001. 


4 and 5) Degn, 1970. 


DROSS — A residue of impurities rising to the surface 
of molten metals or on ores during refining. It may 
also be a residue of incombustible material remaining 
after something is burned. Dross, once cooled, is 
more solid than what would be considered to be ash. 


In pyrotechnics: Dross is often molten, at least initially, 
and, after burning, is primarily composed of the non- 
gaseous chemical reaction products of a pyrotechnic 
composition. In some instances, the formation of 
dross can build to the point of interfering with the 
burning of a pyrotechnic device such as a fountain. 
Burning stars may produce dross droplets that may 
fall to the ground. In other cases, some stars (e.g., 
glitter stars and stars producing long-duration carbon 
sparks) produce dross that continues to react with oxy- 
gen in the air. (See glitter chemistry and spark dura- 
tion, control of.) 


DROSS DROPLET - Relatively small dross particles 
produced during the burning of a pyrotechnic compo- 
sition. In some cases, most notably for the glitter ef- 
fect (where the droplets are sometimes described as 
spritzels) and senko-hanabi, dross droplets play the 
central role in producing the intended effect. In other 
cases, such as the burning of stars, dross droplets reach- 
ing the ground may cause chemical irritation if they 
enter a person’s eye. Hot, still-reacting dross droplets 
can do serious damage, not only to people but also to 
the painted surface of automobiles or buildings. 


The very smallest dross droplets (e.g., those in the 
micrometer (tm) range) constitute pyrotechnic 
smoke. These pyrotechnic reaction residue particles 
(PRRP) have been used forensically to identify the 
nature of pyrotechnic compositions involved in acci- 
dents and crimes, using a process similar to the anal- 
ysis of primer gunshot residue. 
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DRUNKARD’S MATCH -— See match, drunkard’s. 


DRY BLEND — The procedure or the result of mixing dry 
powdered substances. Mixing by sieving is an exam- 
ple of a dry blending technique. (See mixing method.) 


DRY-CELL BATTERY — See battery, electrical (dry-cell 
battery). 


DRY CHEMICAL EXTINGUISHER -— See fire extinguish- 
er type. 


DRY FOG MACHINE - See fog machine (cryogenic fog 
machine). 


DRY PASTING — See rinfasciature. 


DSC — Abbreviation for differential scanning calorim- 
etry and directional short circuiter (see short circuit 
effect (short circuit preload)). 


DTA — Abbreviation for differential thermal analysis. 


DTI — Abbreviation for Department of Trade and In- 
dustry (UK). 


DTRM — Abbreviation for dual-thrust rocket motor. 


DUAL-GRAIN, DUAL-THRUST ROCKET MOTOR — 
See rocket motor, dual-thrust. 


DUAL-THRUST and DUAL-THRUST ROCKET — See 
rocket, dual-thrust. 


DUBBING-IN — A type of tube-crimping process used 
to close the end ofa small firework item. Traditionally, 
the method was used for some British shop goods 
(i.e., consumer fireworks) such as squibs and golden 
rains. This process and the needed tools were de- 
scribed in some detail by Browne (1888). 


First, the dried and relatively thin-walled tube was 
filled with pyrotechnic composition, leaving enough 
empty space at the end to allow the tube to be closed by 
dubbing-in. This was accomplished using one of the 
two choking machines described and illustrated by 
Browne (see below). 
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Illustration credit: Browne, 1888. 


The cases were taken, one at a time, and introduced 
(at the point of intended closure) between the blades of 
the machine. The blades were closed such as to ‘chop 
them lightly’ while rotating the tube until the desired 
degree of closure was accomplished. Care was needed 
to begin the dubbing-in process at the correct point 
along the tube; if a point that is too close to where the 
powder has been loaded is chosen, some powder will 
be forced out through the closure point. 


The dubbing-in process was completed by a process 
described as the dip, which was the immersion of the 
closed end in a hot mixture of red lead (ie., 
lead(IL,ILIV) oxide) and animal glue (typically two 
parts of glue to one part of red lead). An example of a 
dubbed-in tube is shown below. It is a portfire with 
its dubbed-in and dipped end to the left (also shown 
enlarged) and its blue touch paper to the right. 


DUCTED ROCKET — See rocket motor, ducted. 


DUCTILITY — A property of a material related to its 
plasticity, specifically the ability of a material to be 
permanently deformed without failure (i.e., breaking) 
when placed under tension. For example, ductile ma- 
terials can be drawn or stretched into thin threads or 
wires. The degree of a material’s ductility is generally 
a function of its temperature, with ductility increasing 
with temperature. 


Ductility contrasts somewhat with malleability, 
which is the ability of a material to be permanently 
deformed without failure when placed under com- 
pression such as by hammering or rolling into thin 
sheets. Some ductile materials are quite malleable, 
but others are not. 
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DUD — An explosive or pyrotechnic device in which 
the fuse or igniter fails to ignite the main pyrotechnic 
charge. The term dud is reputed to have originated as 
an abbreviation for Dangerous Unexploded Device, but 
this in not consistent with etymological dictionaries. 
The evolution of its meaning has been traced from a 
middle English word for clothing, to ragged clothing, 
to anything worthless or useless, and finally (during 
World War I) to a bomb or shell that failed to ex- 
plode. The word is still used informally (as ‘duds’) to 
refer to clothing. 


In fireworks: A dud is any firework device that ignites 
but fails to perform completely; or its primary fuse ig- 
nites, but the fuse fails to ignite the remainder of the 
device (e.g., a firecracker or a fountain). See dud shell. 


DUD COMPONENT (fireworks) — Any pyrotechnic de- 
vice (i.e., subassembly) that is included in a larger 
firework and that fails to be ignited or operate com- 
pletely. Such components are either stars or, more 
commonly, any of the many types of inserts. The 
larger firework is typically an aerial shell, mine, 
rocket, Roman candle or multi-tube device. 


The dud components 
shown at the right are a 
collection of stars and in- 
serts found after a firework 
display. Because these still 
contain un-reacted pyro- 
technic composition, they 
represent a hazard if left 
behind, potentially to be 
collected by members of the public. 


As a practical matter, for a display fired over a grassy 
area, it is unlikely that small unburned stars will be 
found during the post-display dud search. Nonethe- 
less, those that are found should be collected and re- 
moved, along with any dud inserts that are found. 


DUD SHELL (fireworks) — (Also blind shell) — An aerial 
shell that leaves the mortar but fails to burst while in the 
air and subsequently falls to the ground unexploded 
(see below). 


ae ~~ 


, Unexploded * 
/ “Dud” Shell 


‘i— Mortar : 


The term should not be used for a shell that remains in 
a mortar even though its leader fuse has been ignited. 
Such a shell is more properly described as a misfire. 
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A dud shell may ignite and burn, or even on occasion 
explode, upon hitting the ground. One cause of such 
an explosion or burning can be the result of the im- 
pact producing internal frictional forces that ignite 
the shell’s contents. In those cases, when the shell’s 
casing has been sufficiently damaged, the shell does 
not explode, but rather it produces a fireball effect in 
the immediate area of the impact. This degree of shell 
casing damage is common for larger caliber shells 
(i.e., shells 5-inch, 125-mm or greater). Another way 
for a shell to explode on impact is when adherent 
smoldering material, associated with the shell’s fusing, 
breaks free to ignite the shell’s contents. If the shell 
casing has retained most of its strength upon impact, 
a relatively powerful explosion can result. It is fairly 
common for smaller caliber shell casings (i.e., 4-inch, 
100 mm or smaller) to remain structurally intact when 
falling onto grass. 


Dud _ causes: Dud shells result from one of the fol- 
lowing: 


The time fuse fails to ignite as the shell fires from its 
mortar. 


The time fuse ignites but fails to burn to completion. 


The time fuse ignites and burns to completion but 
fails to ignite the shell’s burst charge and contents. 


When the time fuse fails to ignite, usually it is a re- 
sult of the fuse prime (or cross match) having been 
damaged either by mechanical means or by moisture, 
or there was inadequate or defective fuse priming. 


There can be a number of reasons for an ignited time 
fuse to fail to burn completely. One reason is that the 
time fuse has, at some recent time, been exposed to 
substantial moisture. Bickford fuse contains numerous 
cotton fibers that can act as a wick to transfer mois- 
ture (via capillary action) into the fuse or even poten- 
tially inside the shell. Even when such a moisture- 
exposed shell subsequently appears to be dry on its 
exterior, the time fuse may still fail to burn completely. 
This may be because only the outer end of its fuse 
powder may have dried sufficiently, leaving the inner 
most powder still too damp to burn. 


Another possible cause of a time fuse to not burn 
completely can be related to the method of sealing 
the time fuse into the shell. When adhesives with or- 
ganic solvents, such as xylene, are used, there is a 
possibility of dissolving the waterproofing asphalt 
layer of the fuse. If a sufficient amount of that dis- 
solved material migrates into the powder core, it is 
thought that the fuse may be rendered unignitable. 
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Something similar may occur simply from prolonged 
exposure to heat, which may also mobilize the as- 
phalt layer. In that event, the fuse may develop a dead 
spot caused by the migration of waterproofing chem- 
icals into the powder core of the fuse. It is speculated 
that another way for this to occur may be during the 
improper piercing of the time fuse (such as by using a 
drill) in preparation for installing a cross match. 


When a time fuse burns completely, but fails to ignite 
the contents of the shell, it is almost universally the 
result of insufficient priming or improper cross match- 
ing on the inside end of the fuse. 


Dud prevention: Probably the single best method of 
dud prevention is to use redundant fusing. Today, it is 
common for manufacturers to use two or more time 
fuses, even on relatively small caliber shells (as shown 
below on a3-inch, 75-mm shell). Some manufacturers 
use as many as three independent time fuses, particu- 
larly on very large caliber shells, in an attempt to 
prevent duds. 


Even such fuse redundancy may fail to achieve its 
objective fully if the priming of those time fuses is 
not done correctly. (See cross match and prime ap- 
plication technique.) Proper priming and/or cross 
matching of the fuse is essential in preventing duds. 
The ignition of unprimed time fuses is definitely not 
sufficiently reliable. Fuse priming materials should 
not be excessively brittle because the prime might 
chip off the fuse surface during handling. The prime 
surface should not be shiny and smooth. This results 
in relatively low surface area, a surface that is devoid 
of sharp points and a surface that potentially has a 
skin of mostly binder on its surface. All of these 
faults potentially make such surfaces resistant to igni- 
tion. The prime composition also must not contain 
excessive aqueous binder (e.g., dextrin) because such 
a priming mixture can be hygroscopic. 
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The ignition of the shell’s contents should not depend 
only on end-spit from the fuse. There should be sig- 
nificant ignition material (i.e., prime and cross match) 
present at the inner end of the time fuse to insure the 
reliable ignition of shell’s burst charge and contents. 


The proper manufacture and use of spolettes can also 
be useful in reducing the likelihood of a dud shell. 


Dud search: It is important that dud shells (such as 
shown below) are not allowed to be found by the 
general public. Dreadful and even fatal accidents 
have resulted from dud shells (and dud components) 
being found and ignited by children and inexperi- 
enced adults. For this reason, it is a requirement that 
the fallout area of a firework display be searched for 
dud shells after an aerial firework display and before 
the public is allowed into the fallout area. 


It may be of interest to note that each of the dud 
shells shown above was manufactured with only a 
single time fuse (this is in contrast with shells with 
redundant fusing). 


An initial dud search must be done the evening of the 
display, followed by another search very early the next 
morning in daylight. One criterion for a safe shooting 
site is that an effective dud search can be performed. 
A fallout area that has excessively tall grass or other 
dense vegetation or that is extremely rocky makes a 
dud search difficult and must be avoided. 


Dud disposal: Historically, it was recommended that 
dud shells be buried in the ground as a means of dis- 
posal. One reason why this is not acceptable is that 
even dud shells buried in damp ground can remain an 
explosive hazard for many years and a permanent 
toxic hazard. Further, unless the site is a federally li- 
censed hazardous waste facility, in the US, it is illegal 
to bury dud shells or dud components. 


From a strictly pyrotechnic standpoint, small dud 
shells could be destroyed by burning them individually 
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in a hot fire in a controlled environment. (If multiple 
dud shells are placed in a fire, the first exploding 
shell can disperse the remaining shells before they are 
destroyed in the fire.) Large aerial shells can be soaked 
in water for several days, followed by their careful 
disassembly. Then, after being allowed to dry some- 
what, open burning of the contents in small quantity 
may be safely accomplished. Again, unlicensed dis- 
posal of this hazardous waste is generally illegal. 


For an individual display operator (or an organization 
other than a display company), the only practical way 
to dispose of dud shells is to return them to the supplier. 


The supplier has several choices or methods to dis- 
pose of dud shells, but most are impractical, illegal or 
both. One possibility is to attempt to repair or other- 
wise rehabilitate a dud shell, but to accomplish this 
safely requires special knowledge, a suitable site (in- 
cluding a processing building) and may require having 
a manufacturer’s license. In addition, there are signif- 
icant liability issues. 


It is possible for a supplier to become a licensed haz- 
ardous waste facility, but there are so many problems 
associated with this approach that it is hard to imagine 
this being a practical solution. A related possibility is 
to find a federally licensed hazardous waste facility 
that will accept and transport explosives. This will be 
both difficult and expensive. 


A near ideal solution for disposing of dud shells for 
display operators, dealers and manufacturers is if the 
local bomb squad is willing to accept dud shells for 
use in their training. 


Another solution is to find a way to remove dud 
shells from the waste category. This is the case when 
it is practical to find a way to reuse the dud shell or 
its pyrotechnic components safely. Unfortunately, how 
this might be safely accomplished from a practical 
standpoint is well beyond the scope of this text. 


In any event, allowing substantial numbers of dud 
shells to accumulate in storage can pose safety and 
operational problems. 


DUMMY -— A non-explosive item that resembles an ex- 
plosive device. It is generally intended for a demon- 
stration or for use in training. If a dummy were used 
in the commission of a crime, it would be described as 
a hoax device (for which there are serious penalties). 


In_fireworks: Occasionally, an aerial shell dummy 
(i.e., a casing containing no stars or burst charge, and 
equipped with inert fuses) is specially made for training 
purposes or museum displays. Similarly, an electric 
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match made with inert match tip composition can also 
be made to demonstrate the appearance and general 
morphology of an electric match. 


Dummy consumer fireworks were formerly used as 
salesman’s samples and for point-of-sale displays. 
Such items are now highly sought after by collectors 
of firework ephemera. A display board of dummy 
consumer fireworks that was used by a sales repre- 
sentative of an Australian firework company in the 
mid 20" century is shown below. It could be folded 
in half and fitted into a purpose-built carrying case. 
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In blasting: A dummy is a cylindrical unit of stemming, 
consisting of clay, sand or other inert material used to 
confine or separate explosive charges in a blast hole. 


DUMP BREAK and DUMP SHELL — See aerial shell 


name and description (specific) (soft break). 


DUNNITE — See ammonium picrate. 


DUST — A general name for minute, solid particles of a 


substance or mixture that are suspended in gas (usu- 
ally air). Dust is further classified by particle size. 


inhalable dust — Dust that commonly is in the 
range of 10 to 100 microns in diameter and deposits 
primarily in the upper respiratory system. Most of 
these particles are raised by hair-like cilia to the back 
of the throat and swallowed. 


nuisance dust — (Also inert dust) — Dust of very 
low toxicity. The concentration limit established in 
the US by OSHA, is 15 mg/m/ total and 5 mg/m? for 
the respirable fraction. Other agencies and organiza- 
tions have set limits at no greater than 10 and 5 
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mg/m? for the concentration limits for the total and 
respirable fractions, respectively. 


respirable dust — Dust in the range of 0.1 to 10 mi- 
crons, which is small enough to penetrate deep into 
the lungs and be retained in the lung’s alveoli (1.e., air 
sacs). The alveoli do not have the clearing mechanisms 
that are found in the upper respiratory system’s cilia 
and mucous. In most cases, these particles are more 
harmful than larger particles of the same substance. 


nanoparticle dust — Dust smaller than 0.1 micron. 
Its characteristics are only now being studied. 


DUST BALL and DUST CAPSULE — See dust hit. 


DUST CLOUD, DISPERSED — A temporary aerosol of 
solid particles intentionally produced using either an 
explosive charge or pneumatic pressure to mobilize 
and distribute a mass of relatively inert, fine particles. 
In concept, the explosively driven form of this simple 
type of device may be configured as illustrated below. 


<m ——_ lgniter Wires 


Inert Fine 
Powder 


Burst Charge 


Powder 
Container 


Some of the many possibilities for the relatively inert 
fine powder include iron(II) oxide, chalk (white or 
colored), ultramarine and carbon black. While similar 
in initial appearance to a smoke cloud, a dust cloud 
persists for less time because it is typically composed 
of larger particles than smoke. 


The pneumatic pressure (usually air) driven type of 
this device is usually used as a special effect simulat- 
ing an explosion. The pressurized gas is typically 
stored in an air mortar pending its release to a device 
described as a cone. The basic configuration is shown 
below; however, in practice the cone may be separat- 
ed from the air mortar by a length of piping. 
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The dust to be dispersed and loaded into the cone of- 
ten contains chunks of low-density material, simulat- 
ing fragments produced in the simulated explosion. 


DUST, COMBUSTIBLE — See explosible dust. 


DUSTED MATCH and DUSTED QUICK MATCH — See 
black match and quick match. 


DUST, EXPLOSIBLE — See explosible dust. 


DUST EXPLOSION — An explosion resulting from the 
ignition of a dust cloud of explosible (i.e., combus- 
tible or flammable) material dispersed in air. 


DUST HIT — (Also dust ball or dust capsule) — A spe- 
cial effect that may be used to simulate non-spark 
producing projectile impacts (e.g., bullets) in motion 
picture and television productions. It typically con- 
sists of a Sweeny ball or a special effect capsule 
filled with Fuller’s earth or zeolite and colored as 
needed with cement pigments. Examples of Sweeny 
ball dust hits colored black, white and reddish brown 
are shown below. 


Dust hits are typically fired from a Sweeny gun (1.e., a 
gas-powered, paint-ball-like gun) and dust capsules 
are fired from a capsule gun. When the dust hit 
strikes a hard surface, it breaks open to produce a 
small dust cloud simulating the impact of a bullet. 
The color of the dust ball filling is chosen as needed 
for the desired effect and may either match or con- 
trast with the color of the material being impacted. A 
time series of images demonstrating the appearance 
of a dust hit effect is shown below. 
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DYNAMIC EQUILIBRIUM — See equilibrium. 
DYNAMIC PRESSURE -— See pressure, stagnation. 


DYNAMITE — Originally, the trade name for the com- 


The images were captured with a shutter speed of 
1/60 second and span a time interval of 0.06 second. 


Dust hits that are fired from guns capable of shooting 
the balls in quick succession are used to simulate a 
rapid-fire (i.e., machine gun) effect. 


DUSTING — See prime application technique. 
DUST, NUISANCE — See dust. 


DWELL TIME — In the loading of loose powders into 
cavities using a press, dwell time is the interval during 
which the maximum loading force (1.e., pressure) is 
applied. Dwell time affects the degree of compaction 
(i.e., density) achieved and thus the burn rate of the 
compacted powder. Increased dwell time provides a 
greater opportunity for the compacting particles to 
slide past one another into a denser form. As a result, 
more of the void spaces in the composition are closed, 
which reduces the porosity and permeability of the 
compacted composition. 


For gas-producing compositions, specifically, those 
for which convective feedback of thermal energy 
predominates, greater dwell time typically reduces 
the burn rate of the compacted material. This is be- 
cause of the greater difficulty for burning gas (i.e., 
flame) to penetrate into the composition and ignite 
more of the composition. 


Conductive feedback of thermal energy typically 
predominates in non-gas-producing compositions. 
For these compositions, greater dwell time increases 
the thermal conductivity of the compacted composition 
and thus increases the burn rate. 
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mercial high explosive developed by the Swedish 
chemist, engineer, innovator and armaments manu- 
facturer Alfred Nobel. At present, it is a generic term 
for a class of high explosives composed of various 
combinations of nitroglycerin, nitrocellulose, ammo- 
nium nitrate, sodium nitrate and carbonaceous mate- 
rials. To better distinguish between the various types 
of dynamite, it is common to describe them as straight 
dynamite, ammonia dynamite, straight gelatin, am- 
monia gelatin or semi-gelatin. 


Historical: The original dynamite was composed of 
nitroglycerin (i.e., blasting oil), absorbed in diatoma- 
ceous earth (i.e., kieselguhr, which explains the now 
obsolete term guhr dynamite). A later development 
was free-flowing dynamite. It could be poured into a 
vertical borehole in the same manner as granular 
Black Powder. It had the advantage of exploding with 
much higher velocity than Black Powder and of being 
much safer to use because of its relative freedom 
from the hazard of ignition by sparks. 


The nitroglycerin in more modern dynamite is ab- 
sorbed into combustible materials, such as wood 
meal, cereal meal, starch and wood pulp, with the ad- 
dition of oxidizers (e.g., sodium or potassium nitrate) 
for its more complete combustion. This increases the 
explosive strength of such dynamite compared with 
dynamite containing an inert absorbent. A small 
amount of calcium carbonate is added to neutralize 
any acid that may also be present. Most commercial 
dynamite also contains a freezing-point depressant 
such as nitroglycol, which has about the same explo- 
sive strength as nitroglycerin. The mixture of nitro- 
glycerin and nitroglycol may also be described as ex- 
plosive oil. Other dynamites also contain ingredients 
such as ammonium nitrate, gelatinized nitroglycerin 
and cooling salts. 


Since the middle of the 20" century, the use of dy- 
namite has steadily decreased and has been replaced 
by ANFO, water gel/slurry and most recently by 
emulsion explosives. 


straight dynamite — (Also ditching dynamite) — A 
dynamite containing varying amounts of nitroglycer- 
in (.e., trinitro-glycerol), whether with an active or 
inactive base. The amount of nitroglycerin typically 
ranges between 15 and 60%. A formulation (Davis, 
1943) for 40% straight dynamite is presented below. 
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Ingredient Parts by Weight 


a) Or magnesium carbonate. 
b) Also stated as wood pulp or carbonaceous material. 


Straight dynamite is more sensitive than other types 
of dynamite, and the sensitiveness increases with the 
strength of the dynamite. Today, straight dynamite is 
primarily used for ditch blasting by shock propagation. 
For most applications, straight dynamite has been re- 
placed by less expensive ammonia dynamites. 


In the past, straight dynamites caused problems asso- 
ciated with the exudation of nitroglycerine during 
long-term storage. Exuded nitroglycerine could col- 
lect on the surface of the cartridges (i.e., sticks), posing 
a severe safety problem. Today, straight dynamites 
have been stabilized to prevent or at least greatly re- 
duce this problem. 


DYNAMITE, DITCHING — A nitroglycerin type of ex- 
plosive especially designed to propagate sympatheti- 
cally from hole to hole when blasting a ditch. (See 
dynamite (straight dynamite).) 


DYNAMITE FUSE - See blasting safety fuse. 
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& (Greek letter eta) — Symbol for mole fraction. 


e — Symbol for an electron and the fundamental charge 
of electricity. 


E — The symbol commonly used to denote voltage 
(i.e., electromotive force) in Ohms law. This is also 
the symbol commonly used for Young’s modulus 
(see elasticity). 


E, — The symbol for activation energy. 


EAR DEFENDERS, EARMUFFS and EAR PROTECTION 
— See personal protective equipment. 


EARLY CHRONOLOGY OF HIGH EXPLOSIVES — See 
explosives, early chronology of high. 


EARLY CHRONOLOGY OF SMOKELESS PROPEL- 
LANTS — See propellants, early chronology of smoke- 
less. 


EARTH CURRENT — See telluric current. 
EARTHEN BARRICADE — See barricade. 
EARTHING — See electrical grounding. 


EASE OF IGNITION — A poorly quantified term that 
refers to the readiness of a material to catch fire. All 
else being equal, an easily ignitable material will have 
a relatively low ignition temperature or activation 
energy requirement. For a solid, the ease of ignition 
depends on how readily its surface temperature can 
be raised to the ignition temperature. This in turn is 
related mostly to physical characteristics such as 
thermal conductivity, density and heat capacity, and 
especially on the physical form of the sample. For 
example, the ease of ignition of thin magnesium turn- 
ings is much greater than that of an ingot of magnesi- 
um, even though the ignition temperature, activation 
energy, thermal conductivity, density and heat con- 
ductivity are identical. 


EBW — Abbreviation for exploding bridgewire. 


EBW DETONATOR - See exploding bridgewire deto- 
nator. 


E.C. POWDER — See powder type. 
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EDB PROPELLANT — Abbreviation for extrudable, 
double-base rocket propellant. See propellant type 
(extrudable double-base rocket propellant). 


EDIBLE GLYCOL — See 1,2-propanediol. 
EDNA — Abbreviation for ethylene-dinitramine. 


EDS and EDX — Abbreviation for energy dispersive 
spectroscopy and energy dispersive X-ray spectros- 
copy, respectively. 


EED — Abbreviation for electroexplosive device. 


EFFECT (pyrotechnic) — (Abbreviated FX or F/X) — 
The principal or intended display (audible, visual or 
other) of a firework or proximate audience pyrotech- 
nic device. For example, the effect of a stage gerb is a 
display of sparks sprayed into the air. Any coinci- 
dental hissing sound accompanying the functioning 
of the gerb is not considered to be an effect. 


There are also many non-pyrotechnic effects, for ex- 
ample, some flame effects and confetti effects. 


EFFECTIVE EXHAUST VELOCITY (rocketry) — See 
exhaust velocity. 


EFFICIENCY — Ratio of the actual result to an ideal re- 
sult, often expressed as a percentage. 


As an example, consider the firing of an aerial shell. 
Suppose a 6-inch shell that weighs 2.7 pounds (1.2 kg) 
is fired using 3.5 ounces (100 g) of Black Powder, and 
it achieves an altitude of 750 feet (230 m). Suppose 
also, that Black Powder when burned releases 2700 
joules per gram of energy. The energy required to lift 
the shell to that altitude is (750 feet x 2.7 pounds =) 
2030 ft-lb. The total energy released from the Black 
Powder is (100 grams x 2700 J/g =) 270 kJ or 200,000 
ft-lb. Therefore, the efficiency of firing this 6-inch 
aerial shell is (2030 ft-lb + 200,000 ft-lb =) 0.010, or 
just slightly more than 1%. 


EFFLORESCENCE - The property of some hydrated 
crystalline salts to acquire a powdery surface or to 
turn entirely to powder upon exposure to relatively 
dry air, as a result of the loss of water of hydration. 


EFI — Abbreviation for exploding foil initiator. 


EGDN - Abbreviation for ethylene-glycol-dinitrate 
more properly descried as ethanediol dinitrate. 
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EGGLOFTER — (Also egg-lofter) — A model rocket car- 
rying an egg as a payload, as sometimes fired for sport 
or competition purposes. 


EIG — Abbreviation for the Explosive Industry Group 
of the Confederation of British Industry. 


EJECTABLE NOZZLE -— See nozzle, ejectable. 


EJECTION BAFFLE — (Also baffle) — A device that 
eliminates the need to use disposable wadding to pro- 
tect the recovery device of an amateur rocket. The 
ejection baffle works by forcing the gas from a burning 
ejection charge to travel through a maze-like path be- 
fore reaching the recovery device. In the process, the 
temperature of the gas is reduced by its mixing with 
cooler air; also, any large hot particles will be trapped 
within the baffle. 


Often an ejection baffle is merely two or more perfo- 
rated disks with separation between them (illustrated 
below). 


ae — es 
Hot Ejection Cooler 


Gases IN Gases OUT 


As an alternative, the ejection baffle may incorporate 
metal mesh or metal wool for additional gas cooling. 


EJECTION CHARGE — The pyrotechnic material, or an 
assembly incorporating pyrotechnic material, used to 
deploy or initiate the recovery device of an amateur 
rocket upon completion of its boost and coasting 
phases. 


The ejection charge may be ignited by the delay com- 
position in model rocket motors with integral ejection 
charges or by electronic means (which is common in 
larger rockets). The pyrotechnic material (typically 
granular Black Powder) produces a burst of gas (i.e., 
a sudden increase in pressure), which is used to de- 
ploy the recovery device. Electronic activation (trig- 
gered by a timer, altimeter and/or by radio control) 
allows deployment of a streamer or small drogue par- 
achute near the rocket’s apogee. This is followed by 
the deployment of a larger main parachute after the 
vehicle is much closer to the ground (typically at sev- 
eral hundred feet, 100 to 200 m, altitude). This more 
rapid decent reduces wind-caused drift and increases 
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the chances of successfully locating the rocket for re- 
covery. 


EJECTION COMPOSITION — See ejection charge. 


EKMAN LAYER - (Also spiral layer) — The transition 


layer of gas between the surface-boundary layer, where 
shearing stress is constant, and the free atmosphere, 
where the atmosphere is treated as an ideal fluid. 


ELASTICITY — The property of a material to resist 


permanent deformation and to recover its initial shape 
and dimension once a deforming force (i.e., stress) 
has been removed. An elastic material or object (such 
as a spring that may be used in a pressure or strain 
gauge) is one that deforms under a stress but returns 
to its original shape when the stress is removed. 


When a substance is deformed, the force (F), acting 
on it per unit area (A), is described as stress: 


PF 
stress = — 
A 


The change in linear dimension (x) per unit length (Z) 
is described as strain: 


: x 
strain = — 
L 


Hooke’s law (after the English experimental philoso- 
pher Robert Hooke (1635—1703)) states that within the 
elastic limit of any substance, the ratio of stress to strain 
is constant. A strain gauge operates upon this basis. In 
fact, most materials do not have a perfectly constant 
stress-to-strain relationship, even within their elastic 
limits. 


The ratio of stress to strain (in longitudinal defor- 
mation) is the modulus of elasticity (£), also known 
as Young’s modulus: 


E= stress F-L 
strain A-x 


Above a certain stress level (i.e., the elastic limit or 
yield strength) of an elastic material, the relationship 
between stress and strain becomes substantially non- 
linear. Beyond this limit, the material may deform ir- 
reversibly and exhibit plasticity or breaking. 


A useful property of materials with sufficient elasticity 
is their tendency to successfully survive sudden and 
short duration high stress levels. Also, when these 
materials fail, they tend to manifest ductile fracturing 
rather than brittle fracturing. The effect is that the 
fragments produced (such as in an explosion) are less 
dangerous. This property is useful in materials used 
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to make firework mortars (e.g., those made of high- 
density polyethylene) and rocket motor casings (e.g., 
those made of certain aluminum alloys). 


ELASTIC LIMIT — This term may be used in two closely 
related ways. With one, elastic limit is the minimum 
amount of force (i.e., stress) that results in the per- 
manent deformation of a body. With the other, elastic 
limit is the minimum deformation of a body (..e., 
strain) that results in some degree of permanent de- 
formation of the body. (For information on stress and 
strain, see elasticity.) 


For example, under a given set of conditions, a high- 
density polyethylene mortar has an elastic limit, 
which, if exceeded, will leave the mortar permanently 
deformed (1.e., bulged or burst open). 


A strain gauge, such as might be used to measure a 
rocket motor’s thrust profile, will only provide reliable 
measurements when its elastic limit is not exceeded 
during use. 


ELASTOMER — Any polymeric material that readily 
changes its shape when subjected to a mechanical 
force and returns to its original shape when the force 
is no longer applied. Natural rubber is the original 
example, but many synthetic elastomers are known. 
Elastomers may be used to provide resiliency or a 
degree of flexibility in solidified pyrotechnic compo- 
sitions. It is common to use elastomeric binders in 
rocket propellants. 


ELECTRIC (fireworks) — See electric effect. 
ELECTRICAL BATTERY — See battery, electrical. 


ELECTRICAL BONDING -— The practice of providing an 
electrical connection between electrically conductive 
objects to prevent the possibility of dangerous voltage 
differences developing between those objects. It is 
usual to combine electrical bonding with electrical 
grounding so that there can be no voltage difference 
between any of the objects and the earth. This may be 
done both for safety reasons with electrical equipment 
and for the suppression of static electric discharges 
with other equipment or personnel. For example, in 
the processing of static-sensitive pyrotechnic materi- 
als, all conductive equipment in a process building is 
normally electrically bonded (i.e., connected) to a 
heavy electrical conductor run around the building, and 
which is electrically grounded to earth at one point. 
In addition, personnel working in the area will also be 
safely connected to the bonding conductor (see safety 
equipment (ESD conductive equipment)). 
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ELECTRICAL CAPACITANCE — See capacitance. 


ELECTRICAL CIRCUIT SYMBOLS — A set of symbols 


used to facilitate the drawing of an electrical circuit 
diagram. Some of the more common symbols are: 


= awire 
= = an electrical connection point 
between two wires 


AN = aresistor or an item in the 


circuit with some resistance 


_e— = an electric switch in an open 


condition 
+ ms 
—|| - = a battery 
“=, =_ a point of electric ground 
-K+ = adiode 
_@)_ = alight but 


ELECTRICAL FIRING CIRCUIT TYPE — The two main 


electrical firing circuit types are the parallel circuit 
and the series circuit, with the series circuit being by 
far the most commonly used. 


parallel circuit — A type of electric circuit in which 
the current from a power source divides to pass 
through a number of individual devices, after which 
the individual currents are again brought together and 
flow back to the power source. 


An example of a parallel circuit, where six small light 
bulbs are connected to a battery pack, is shown below. 


The positive lead (red) from the battery pack passes 
through a fuse (clear plastic) on its way to the knife 
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switch at the bottom. After the switch, the red wire 
continues to the first dividing point for the electric 
circuit, which passes to the left to the first (i.e., low- 
est) light bulb, also continuing up to the second and 
other dividing points. On the opposite side of the first 
light bulb, the circuit continues by way of the black 
wire to the first joining point, where the leads from 
the first and second bulbs come together and continue 
upward to each of the other joining points. Eventually, 
the circuit (black wire) continues back to the negative 
terminal of the battery pack. 


A circuit diagram with four resistive elements (Ri 
through Ra) connected in parallel and close to a power 
source through a switch is illustrated below. 


In a parallel circuit, the total circuit resistance (R,) is: 


1 
R= 
| 1 1 ee | 
Jr,* Yr,* Jr, Pr, 
When the resistance (R) of each of the devices has 
the same value, this equation simplifies to: 


R 
R= 


t 
nN 


Here, is the number of devices in the parallel circuit. 


Parallel firing circuit: To successfully fire several elec- 
tric matches connected in parallel, the combination of 
the power source and trunk lines to and between the 
electric matches must allow a sufficiently high current 
to flow to energize each of the individual electric 
matches. For example, if each electric match requires 
1 ampere to fire and there are 5 electric matches in par- 
allel, then the power supply and wiring must be capa- 
ble of supplying at least 5 amperes of electric current. 


Depending on the nature of the power supply and 
wiring, it will often be necessary to consider addi- 
tional circuit elements that add resistance in series to 
the firing circuit. See series-parallel circuit below. 


series circuit — A type of electrical circuit in which 
the current from a power source flows in turn through 
one device after another until the current flows back to 
the power source. A series circuit, with six small light 
bulbs connected to a battery pack, is shown below. 


The positive lead (red) from the battery pack passes 
through a fuse (clear plastic) on its way to the knife 
switch (at the bottom). After the switch, the red wire 


Page 392 


continues to the first (i.e., lowest) light bulb. Follow- 
ing the first light bulb, the circuit (black wire) con- 
tinues by passing to and through the remaining bulbs 
in sequence. 


A circuit diagram with four resistive elements (Ri 
through R4) connected in series and close to a power 
source through a switch is illustrated below. 


The total resistance (R;) in a series circuit equals the 
sum of resistance of each of the devices: 


R= R +R, ++ K, 


When the resistance (R) of each device is the same, 
this equation simplifies to: 


R,=n-R 
Here, n is the number of devices in series. 


Series firing circuit: To successfully fire a number of 
electric matches connected in series, there must be 
sufficient electrical potential (voltage, E) to force an 
adequate firing current through the relatively high re- 
sistance of the circuit. For example, if each electric 
match has a resistance of 2 ohms, and there are 5 
electric matches in series, then the power source must 
have at least enough voltage to force the firing cur- 
rent through the 10 ohms of resistance. If the electric 
matches require 1 ampere to fire reliably, then, using 
Ohm’s law, the power source and the wiring must 
supply at least 10 volts of electrical potential: 


E=I1-R=1 x 10 = 10 volts 
Depending on the nature of the power supply and 


wiring, it will often be necessary to consider addi- 
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tional circuit elements that add resistance in series to 
the firing circuit. See series-parallel circuit below. 


For reliable functioning, all the electric matches in a 
series firing circuit be of the exact same type (manu- 
facturer and product). Variations in the resistance of 
the bridgewires and the ignition characteristics of the 
match composition may result in some (perhaps most) 
of the electric matches failing to ignite. 


series-parallel circuit — A type of electrical circuit 
that contains a combination of elements wired in both 
series and parallel. 


Series-parallel firing circuit: Consider the example of 
a battery connected to a group of four electric matches 
some distance away that have been wired in parallel. 
This circuit is illustrated below. 


The battery supplies a certain voltage (£), but there is 
also battery internal resistance (Ri), which acts to 
limit the amount of current the battery is capable of 
supplying to the external circuit. Another limiting 
factor is the resistance of the wire (R,,) leading to and 
from the four electric matches. 


To calculate the resistance of the circuit, and thus the 
current that will flow, it is first necessary to calculate 
the collective resistance of the electric matches. Since 
they are all equal in their resistance, the combined 
electric match resistance is simply 4 the resistance of 
an individual electric match (R,), but this is not the 
total resistance of the circuit. In addition, it is necessary 
to consider the wire resistance leading to and back from 
the electric matches and the internal resistance of the 
battery. Because these can now be considered to be in 
series in the circuit, the total resistance (R,) is: 


R, = Ri + Rw + (Rn/4) 


From Ohm’s Law, the current (/) that then can be 
supplied by the battery (of voltage £) will be: 


I= E/R, 


Using generally realistic values, the resistance of each 
electric match is 2 ohms, the wire resistance is 4.5 
ohms and the battery internal resistance of a 9-volt 
transistor battery is 3 ohms. The total circuit resistance 
iS: 


R, = 3 + 4.5 + (2/4) = 8 ohms 
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Thus, the total amount of current that will flow in the 
circuit is: 


I = 9/8 = 1.1 amperes 


While at first this might seem to be adequate current, 
consider that this current divides equally between the 
four electric matches, which then becomes a current 
of less than 0.3 ampere through each electric match. 
This may be minimally adequate (for some electric 
matches) but certainly cannot be relied upon to suc- 
cessfully fire all types of matches. 


Just as the resistance of the wiring and the battery’s 
internal resistance must be considered when electric 
matches are connected in parallel, it must also be 
considered (i.e., added in) when electric matches are 
connected in series. 


ELECTRICAL FIRING PANEL, ELECTRICAL FIRING 


SYSTEM and ELECTRICAL FIRING UNIT — See firing 
unit, electrical. 


ELECTRICAL FUSE -— See fuse, electrical. 


ELECTRICAL GROUNDING — (Also earthing) — The pro- 


cess of providing an electrical connection to a common 
reference point, typically to a conductor buried in the 
earth (i.c., ground). The equipment, tabletops and 
floors in pyrotechnic and explosive manufacturing 
areas are often electrically grounded for reasons of 
safety. In addition, personnel working in the area will 
also be safely connected to the grounding conductor 
(see safety equipment (ESD conductive equipment)). 


ELECTRICAL IGNITER — See electric igniter. 


ELECTRICAL IGNITION — A technique that uses elec- 


tricity (and typically electric igniters) to ignite pyro- 
technic and explosive devices. An electric igniter (e.g., 
an electric match, squib or detonator) is attached to 
the pyrotechnic or explosive device prior to use. 


Historical: As early as 1745, British physician, natu- 
ralist and investigator of electricity William Watson 
(1715-1787) managed to ignite several flammable 
substances with static electricity generated by fric- 
tion. The discharge was spectacularly produced from 
the “finger of an electrified Man, a Sword, or such- 
like.” The substances to be ignited had first to be 
warmed to generate flammable vapors, which were 
ignited by the electrical discharge. Watson also at- 
tempted to ignite Black Powder with electricity, but 
his first attempts failed because the dry, finely- 
ground powder scattered under the influence of the 
static electricity. When the powder was first mixed 
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with a little camphor, or “some inflammable chemical 
Oil” and then warmed in a spoon, it was possible to 
fire it with static electricity. 


In 1751 the renowned American polymath and states- 
man Benjamin Franklin (1706-1790) reported that a 
spark from a battery of four Leyden jars could ignite 
Black Powder directly, without the intervention of 
Watson’s ‘inflammable Vapour’. In 1777 Italian nat- 
ural philosopher Tiberius Cavallo (1749-1809) pub- 
lished the recommendation that steel filings be mixed 
with Black Powder to make it more easily ignited by 
sparks from a Leyden jar. 


These, and other experimenters of the time, all used 
static electricity as their source of electrical energy. 
The first practical source of chemically-generated elec- 
tricity, the voltaic pile, was invented in 1799 by Ital- 
ian physicist and chemist Alessandro Volta (1745- 
1827). An improved version, the trough battery, was 
introduced by English chemist William Cruickshank 
(ca. 1745-1810), approximately a year later. Chemi- 
cally-generated current electricity was then used by 
Russian engineer Pawel L’vovitch Baron Schilling 
von Canstadt (1786-1837) for the electrical firing of 
Black Powder. In 1812 Schilling designed an electri- 
cally-initiated explosive mine for military applica- 
tions. In the same year, the first experimental detona- 
tion of the mine was carried out in the Neva River in 
St. Petersburg. The means of ignition was an arc be- 
tween two carbon points. 


Electrostatic ignition of Black Powder for blasting was 
discussed in 1829 by Nova Scotian engineer Moses 
Shaw, who used a spark from a Leyden jar to ignite a 
mixture of 90% Black Powder and 10% silver fulmi- 
nate contained in a small glass cylinder. The spark 
passed between the barely-separated ends of a double 
wire embedded in the explosive. The use of silver 
fulminate made the whole procedure exceptionally 
dangerous. 


A few years later, in 1832, American chemist Robert 
Hare (1781-1858) introduced the ‘hot wire’ approach 
for electrical ignition. He used a large voltaic pile to 
pass a current through a short length of thin iron wire, 
bringing it to a temperature sufficient to ignite Black 
Powder. Connection to the voltaic pile was made using 
two copper wires. 


British military engineer General Sir Charles William 
Pasley (1780-1861) developed a hot-wire system for 
the electrical firing of Black Powder. In 1838 he used 
it to demolish the wreck of the Royal Naval vessel 
HMS Royal George that had lain at the bottom of the 
harbor at Spithead, near Portsmouth, England, since 
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1782. Pasley’s electrical igniter consisted of a canis- 
ter containing about % pound (340 g) of large-grained 
Black Powder, into which a thin platinum wire, about 
one inch in length and surrounded by mealed powder, 
was placed. Electric power for the igniter was sup- 
plied by a battery. 


The application of electrical firing to firework dis- 
plays is recorded from the 1840s. An account of a 
firework display at the Royal Surrey Zoological Gar- 
dens in 1843 stated “a brilliant display of pyrotechny 
was fired by Southby...by means of the voltaic bat- 
tery.” (‘Southby’ referred to either the English pyro- 
technist Joseph Southby (1784-1865) or his son 
George (1821—1868).) The Southbys did not disclose 
their techniques, but in 1848, Josef Ritter von Ucha- 
tius (????-1877), a lieutenant in the Royal Austrian 
Second Field Artillery Regiment, published a book on 
fireworks that included the first detailed discussion of 
electrical firing of fireworks. 


Swedish inventor and entrepreneur Alfred Nobel 
(1833-1896) (see detonator) carried out experiments 
in the 1860s that included attempts to detonate nitro- 
glycerin with an electric spark and with an electrically 
heated wire. 


In 1885 Captain E. W. Ward (1823-1890), British 
military engineer, chemist, and Australian politician, 
published a lengthy paper on miltary applications of 
electrical firing. 


Over the years 1868 to 1895 American electrical en- 
gineer Henry Julius Smith (1844-1901) made many 
important contributions to electric firing technology, 
including improvements to electric igniters and the 
invention, in 1878, of the ‘Igniting Dynamo’. This 
consisted of a bar and pinion arrangement that oper- 
ated an armature to generate electricity. When the 
rack bar was pushed down rapidly, it spun the pinion 
and armature, generating sufficient current to fire an 
electric igniter. Smith’s early igniters used spark gaps. 
A different approach was adopted by American in- 
ventor Thomas Varney who, in 1874, was awarded 
US patent 148,338 for an improved ‘electric fuse’. 
This used a special ‘electro-sensitive’ composition (2 
parts copper(I) phosphide, 9 parts copper(I) sulfide 
and 3 parts potassium chlorate), which was ignited by 
the passage of an electric current through it. 


In 1876 Henry Julius Smith was awarded US patent 
173,681 for an improved ‘electric fuse’ incorporating 
a platinum bridgewire instead of a spark gap. This 
bridgewire was essentially a miniaturized version of 
the thin platinum wire igniter used by Pasley in Eng- 
land some 38 years previously. In 1904 American 
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metallurgist Albert Leroy Marsh (1877-1944), in- 
vented the alloy Chromel and recommended its use in 
electric igniters. It was subsequently marketed as Ni- 
chrome (typically 80% chromium and 20% nickel) 
and is still commonly used today to make the bridge- 
wires for electric ignition devices. 


ELECTRICAL ISOLATION — See isolated power supply. 
ELECTRICAL SHORT — See short circuit. 
ELECTRICAL SPARK - See electric spark. 


ELECTRICAL STORM — See electric storm (meteoro- 
logical). 


ELECTRIC ARC — A prolonged flow of electric current 
across a gap between two conductors. As such, an 
electric arc could be described as a prolonged electric 
spark. 


ELECTRIC CIRCUIT — A continuous path that conducts 
an electric current from a source of electromotive force 
(such as a battery or power supply) through a load 
(e.g., wires, electric igniters, lamps, appliances, etc.) 
and back to the source. 


ELECTRIC COMET - See comet type. 


ELECTRIC CURRENT — The flow of electric charge 
(most typically electrons) in a circuit. The unit of cur- 
rent is the ampere. One ampere flows in an electric 
circuit that has a potential difference (i.e., voltage) of 
one volt applied to it and one ohm of resistance. One 
coulomb is the quantity of electricity transported in 
one second by a current of one ampere. 


The direction of electron flow in a circuit is from the 
negative terminal (of the source) to return through the 
positive terminal. 


The current (/) that will flow in a direct current (DC) 
circuit with a resistance (R), when a voltage (£) is 
applied, is given by Ohms law: 


f=— 
R 


In an electro-chemical cell, the electric charge carri- 
ers are positive and negative ions (cations and anions, 
respectively). 


ELECTRIC DETONATOR - See detonator. 
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ELECTRIC EFFECT (fireworks) — A display of espe- 
cially bright (white) pyrotechnic sparks (and some- 
times branching sparks) produced by a burning pyro- 
technic composition. It was originally applied to 
compositions based on aluminum powder. Today, the 
term is usually applied to comets and stars but may 
also be applied to other bright spark-producing items. 


Electric spark effects are typically produced through 
the addition of relatively large particle-size reactive 
metal fuels to a pyrotechnic composition, including 
colored-flame compositions. The metal fuels most 
commonly used include titanium, magnalium and 
aluminum, or occasionally magnesium or zinc. The 
duration of the sparks produced (i.e., long or short- 
lived) depends on several factors, most importantly 
the burning characteristics of the composition, the 
chemical nature of the spark-producing metal, and 
the particle size and shape of the spark-producing 
metal. (See spark duration, control of.) 


Because the term electric is typically limited to the 
production of sparks that are especially bright, it may 
be thought that common wire-cored sparklers are not 
properly referred to as ‘electric’ because the steel 
sparks that they produce are not especially bright. In 
fact, the name ‘electric sparklers’ dates from the mid 
1890s, when these items were first introduced and de- 
rives from their performance being perceived as re- 
sembling the sparks produced by an electrical short 
circuit, or during the striking of an electric arc. Today 
any firework that produces bright sparks may be la- 
beled electric, and it is common to see fountains, 
wheels and a variety of consumer devices having the 
word electric added to their name. 


An electric composition often burns with a flame that 
is significantly brighter than non-electric flames. The 
purity of colored electric stars may be significantly 
compromised because some of the metal fuel is 
burned (intentionally or unintentionally) in the flame 
of the star. This can result in a loss of color purity of 
the flame for two reasons. First, burning some of the 
energetic metal fuel produces the higher tempera- 
tures, useful in producing bright flames, but at these 
temperatures, some of the desirable flame color emitter 
may decompose and be lost to color production. With 
less of the desirable color emissions relative to the total 
light emissions, the purity of the color will be reduced. 
(See color mixing laws, additive; and color meas- 
urement (color purity).) 


The second cause for the potential loss in color purity 
is that the burning of some reactive metals produces 
metal oxides with boiling points higher than the tem- 
perature of the flames. These condensed (i.e., non- 
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gaseous) reaction products in the flame will produce 
incandescence (i.e., mostly white light emission) that 
combines with the colored light to reduce color purity. 
These incandescent emissions also give the flame an 
opaque appearance reminiscent of a frosted electric 
light bulb. In some cases (e.g., with magnesium oxide), 
the detrimental metal oxides can be removed by having 
them react to produce gaseous (1.e., non-incandescing) 
products. (See colored flame chemistry.) In other cases 
(e.g., aluminum oxide), this is not possible, and the 
oxides will persist and will reduce flame color purity. 


The problem of seriously diminished color purity in 
electric stars can be solved by using married stars 
(see star manufacturing), where a weakly luminous 
comet star is coupled to a colored star. This combina- 
tion can burn together without the light from the 
burning comet composition interfering too greatly 
with the light from the color composition. This result 
can be a reasonably saturated colored flame accom- 
panied with a trail of bright sparks. Married stars are 
labor intensive, and most manufacturers are unwilling 
to make them routinely. 


If a metal powder having very small particle size is 
added to a colored-star composition, it may not pro- 
duce an electric spark effect at all but may simply 
produce a star that gives off much more light. Such a 
star would better be termed an illuminating star. Names 
of effects are always subject to local usage and pyro- 
technic terminology is by no means consistent from 
one place to another. While the terms electric and il- 
lumination are most often used as explained above, it 
is easy to find stars described as electric that do not 
produce sparks and are simply extremely bright and 
opaque (much like a bright incandescent electric light). 


Exceptions to the definition of electric as referring to 
a tailed effect occur both in everyday usage and in 
the literature (especially in older and informal sources). 
In addition, advertising hyperbole may result in the 
undeserved and inappropriate use of the term. Finally, 
many stars containing metals that burn brightly with 
tailed effects may not be referred to as electric stars 
and may simply be described as silver stars, bright 
streamers or silver wave; all of these terms are roughly 
synonymous with electric stars. 


Formulations: Electric effects can be produced in 
stars with as little as 5% metal powder, but some 
formulations, especially those in which potassium ni- 
trate is the primary oxidizer, can have as much as half 
of the composition consisting of flake aluminum. 
These may produce especially long, dense tails alt- 
hough some are difficult to ignite. A series of white 
electric star formulations are presented below. 


Page 396 


Formulation | Parts by Weight 
eyeclens 


1) Lancaster, 2006. 2 and 3) Shimizu, Lancaster 2006. 
4 and 5) Hardt, 2001. 


A series of colored electric star formulations (6) red, 
(7) yellow (gold), (8) green, (9) blue and (10) white 
(silver) are presented below. Blue electric stars are 
especially difficult to produce because copper mono- 
chloride (the color emitter in the flame) is easily de- 
stroyed at the elevated temperatures of formulations 
containing metal powders. 


Formulation —| Parts by Weight 
Ingredient | (10) 
= | ] “| 


a) Bound using alcohol as a solvent. 
6 and 7) Lancaster, 2006. 8 and 9) Hardt, 2001. 
10) The Allen Formulary. 


The use of coarse titanium sponge, in the range of 10 
to 60 mesh, will result in a tailed electric effect with- 
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out any noticeable loss of color purity. This is be- 
cause very little of the titanium is consumed in the 
head of the star to produce white light. Rather it trails 
the star and burns independently with the aid of at- 
mospheric oxygen. Ferrotitanium can also be used to 
achieve a yellow-gold tail effect and is now commonly 
used in chrysanthemum stars and brocade effects. 
Some may insist that these sparks are not sufficiently 
bright to deserve to be described as electric. Some 
example formulations using titanium are presented 
below, (11) is a white wheel driver or fountain, (12, 
13 and 14) are red, green and blue (respectively) col- 
ored electric compositions. 


Formulation >| Parts by Weight 
Ingredient | (11) | (12) (13)| (14) 


rhe 


lorinated rubber 


a) Various particle sizes (10 — 20 mesh, 20 — 40 mesh or 
— 40 mesh) depending on the desired density and burn 
time of the sparks. 


11) Common. 12 to 14) Kosanke, unpublished. 


Historical: The term electric originated from the simi- 
lar appearance of the arcing of an energetic electrical 
short circuit, which results in a momentary spray of 
bright sparks. In the 19" century and earlier, iron and 
steel powders were often mixed with Black Powder- 
type compositions and formed into stars. These 
would have produced attractive, long-tailed stars that 
were brighter than carbon sparks. Sparks from iron 
and steel are not as bright or clearly visible (especially 
when viewed from a distance) as the sparks of titanium, 
magnalium or aluminum, so by the current definition, 
iron and steel spark effects are not properly termed 
electric effects. 


ELECTRIC FIRING SYSTEM - See firing unit, electrical. 
ELECTRIC HOT-WIRE IGNITER — A device, typically 
composed ofa short length of Nichrome™, platinum or 


tungsten wire (often described as a bridgewire) at- 
tached by wiring (i.e., the leg wires) to a source of 
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electric power. When electric current passes through 
the circuit, the bridgewire element heats up. If the heat- 
ed bridgewire transfers sufficient heat to a pyrotechnic 
or other explosive composition to raise its temperature 
above its ignition point, the composition will ignite. 


Most commonly, an electric hot-wire igniter is used 
as the initial igniting element in an electric match and 
other electro-explosive devices. In the laboratory and 
in some commercial applications, an electric hot-wire 
igniter is used directly to ignite the material of interest. 


In fireworks: A device potentially replacing an electric 
match for the ignition of an aerial display shell has 
recently been introduced (shown below). 


sea gga ceeeceeeey cocesy He sEEEEGEEGeEEE: 


These plastic clips are designed to attach to the flat 
quick match fuse now commonly used to make aerial 
shell leaders. A small pin, internal to the unit, helps 
to prevent the shell leader fuse from pulling out of 
the clip once the unit has been secured in place. 


The unit needs to be attached to the quick match in 
such a manner that the bridgewire within the unit (des- 
ignated below with a yellow arrow at right) is in di- 
rect contact with the strands of black match in the 
shell leader. 


In this case, the wire is much smaller in diameter than 
it appears in the above photograph, since the bridge- 
wire is actually a helical coil of wire. This is shown 
more clearly in the photomicrograph below, where the 
span between the two solder terminals is approxi- 
mately 0.075 inch (1.8 mm). 


A similar igniter, but with two heater coils, is shown 
below. The white material near its center is a remnant 
of tape that is used to protect the unit’s two bridge- 
wire coils. 
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Photo credit: L. Weinman 


This type of igniter unit has the advantage over an 
electric match in that it is almost completely resistant 
to accidental ignition, because no sensitive pyrotechnic 
composition is incorporated in the igniter. The disad- 
vantage of this type of unit (especially the dual coil 
type) is that it requires significantly more firing cur- 
rent than do most common electric matches. The 
supplier had not provided a recommended firing cur- 
rent; but 1.5 or 2 amperes seemed to work satisfacto- 
rily. Because of the slower response time of these ig- 
niters and the variability in the degree of contact be- 
tween the heater coil(s) and the black match, there may 
also be a loss in firing-time precision with these units. 


ELECTRIC IGNITER (fireworks) — See electric match 
and electric hot-wire igniter. 


ELECTRIC IGNITER (rocketry) — An electrically- 
powered device used to cause the ignition of a rocket 
motor. In addition to igniters furnished by major motor 
manufacturers, there are also igniter kits and instruc- 
tions available for those wishing to make their own. 


model rocket igniter — This type of rocket igniter, 
while similar to an electric match, is specifically made 
for igniting model rocket motors. A typical model 
rocket igniter consists of a small amount of pyrotech- 
nic composition in contact with a thin bridgewire. 


An early, still commonly used example, a Solar Ignit- 
er™, is illustrated in cross section and shown below. 


Bridgewire 


Pyrotechnic 
Composition 


Uninsulated 
Legwires 


Paper Tape 
Support 


This igniter has a resistance of approximately 0.5 to 
0.7 ohm and requires approximately 3 amperes for 
ignition in no more than | second. 
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A recently introduced igniter, the Q2G2 Igniter™, 
requires much less firing current and is of a more ro- 
bust design. This igniter has a resistance of approxi- 
mately 3 to 4 ohms and requires approximately 0.3 
ampere for ignition in no more than 1 second (ap- 
proximately the same as that required for a typical 
electric match). 


The Q2G2 Igniter is illustrated in cross section and 
shown farther (in two views) below. The red tube (in 
the photograph on the right) protects the igniter tip 
before use and is then used to hold the igniter in posi- 
tion after the igniter is inserted into the model rocket 
motor. 


Bridgewire 
Bare Wire 
Pyrotechnic 
Composition 


Twisted 
Wires 


a 
.\' Se Bee 


Insulated 
Wires 


Another design for a model rocket igniter is the Cop- 
perhead Igniter™, in which an electrically conductive 
pyrotechnic composition is used instead of a bridge- 
wire. This igniter has a resistance of approximately 2 
to 5 ohms and requires approximately 2 to 3 amperes 
for ignition in no more than | second. An example of 
this type igniter is illustrated in cross section and 
shown (in two views) below. 


o 


Conductive F 
Pyrotechnic T 
Composition TT 
ft 
Copper Foil js HEE 
Cladding — a 
(Leg Wires) a aE | 
iss 
Polyethylene 
Substrate = ie 


With this type of igniter, an electric current is con- 
ducted along the copper cladding of the device to its 
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With this type of igniter, an electric current is con- 
ducted along the copper cladding of the device to its 
head. At that point, the current is conducted along 
several paths through the conductive composition. 
These conductive electrical paths are the result of the 
composition having one or more components that are 
individually electrically conductive. To be effective, 
the particles of the conductive component need to be in 
contact with one another, which requires that the par- 
ticles be large in number and small in size. As the elec- 
tric current passes through all the many points of elec- 
trical contact in the conductive composition, resistive 
heating occurs. When this heating is sufficient, the 
composition then ignites. Two examples of electrically 
conductive igniter compositions, (1) of civilian origin 
and (2) of military origin, are presented below. 


Formulation — | Parts by Weight 
Ingredient | ay | 


1) Kosanke, unpublished. 2) Ellern, 1968. 


high-power rocket igniter — It can be difficult to 
achieve proper ignition of the composite propellant 
grains commonly used in high-power amateur rockets. 
The propellant grain must be strongly ignited at the top 
of its core, and the types of igniter commonly used 
for model rockets may not be capable of achieving 
this reliably. 


A partially assembled example 
of a hand-made igniter for a 
composite propellant grain is 
shown at the right. Itis composed | 
of an electric flash bulb attached 
to a length of Thermalite™ ignit- 
er cord that has been loosely en- 
cased within a length of thin plas- 
tic tube. 


The heat from the flash bulb is 
enough to ignite the Thermalite, 
which, because of its encase- 
ment, undergoes propagative 
burning and delivers an intense 
jet of high temperature combus- 
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tion products from its top end that ignites the rocket’s 
propellant grain. 


ELECTRIC MATCH -— (Also firework igniter, pyrotech- 
nic igniter, electric igniter, e-match or fusehead) — A 
small pyrotechnic device used to ignite other pyro- 
technic materials by means of an electric current. 


A typical electric match consists of a pair of wires 
terminating at a relatively high-resistance element, 
almost always a bridgewire (typically a thin Ni- 
chrome wire), surrounded by a small quantity of heat- 
sensitive pyrotechnic composition. This may in turn 
be surrounded by one or more layers of other, less- 
sensitive pyrotechnic compositions. A match having 
two additional layers, for example, could provide a 
momentary delay followed by a larger, more intense 
burst of flame than would be provided by the heat- 
sensitive composition alone (see US_ Patents 
2,995,086 (1961) and 3,415,189 (1967)). Matches in- 
corporating a bridgewire are fired with a relatively 
low voltage and have been described (e.g., in US Pa- 
tent 2,995,086) as ‘low-tension fuse heads’. 


Occasionally, electric matches are made without the 
use of a bridgewire. In such electric matches, an elec- 
trically conductive pyrotechnic composition forms 
the high-resistant element, and the passage of an elec- 
tric current through the composition produces the heat 
needed for its ignition. Such compositions are made 
conductive using ingredients such as fine metal pow- 
ders and/or conductive lampblack. Matches relying on 
an electrically conductive composition are fired with 
a relatively high voltage and have been described 
(e.g., in US Patents 1,904,240 (1933) and 2,995,086) 
as ‘high-tension fuse heads’. 


Two views showing the construction of a typical low- 
tension electric match are illustrated below. 


Lacquer Coating 


High Resistance 
Bridgewire 

Hley——_ Pyrotechnic 

Compositions 


Non-Conductive 
Substrate 


Copper Foil 


Solder 
Copper Wire 


Sf 


Leg Wire 
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When sufficient electric current passes through the 
bridgewire for a sufficient time, the generated heat 
ignites the adjacent heat-sensitive pyrotechnic compo- 
sition. This ignites the surrounding layer of pyrotech- 
nic composition, which produces a small burst of 
flame. Most typically, low-voltage electric matches 
have a tip with one of the three designs shown below. 
The one on the left corresponds to that in the drawing 
above. The yellow arrow indicates the location of the 
bridgewire, which has been soldered to the copper 
foils bound to the two sides of the nonconductive 
substrate. 


The center illustration shows a modification of this 
same basic design, in which a portion of the copper 
foil and the underlying substrate on one side of the 
match tip has been milled away prior to the attach- 
ment of the bridgewire. This exposes a greater length 
of the bridgewire and provides some space behind it, 
which becomes filled with match composition and 
consequently, more of the bridgewire is surrounded 
by composition. In the illustration on the right, the 
bridgewire is held between two brass terminals by 
compression of the terminals back upon themselves. 


Some examples of electric match formulations are pre- 
sented below. Typically, binding is accomplished us- 
ing approximately 10% of a non-aqueous binder in a 
solvent (e.g., nitrocellulose in acetone). Most often, a 
protecting outer coating of lacquer or varnish is also 
applied. 


Formulation > 
REDRET RCM 


Ingredient | 


Lead mononitro- 
Potas un chlorate ee 8 


Lead thiocyanate 


1) Coyle, private communication, 1981. Composition 1(a) 
is the primary igniting composition; composition 1(b) is 
applied over 1(a) as a deflagrating composition. 

2 and 3) Ellern, 1968. 


These compositions are very sensitive to ignition by 
impact, by friction and by electrical discharge (see 
electric match sensitiveness.). It is therefore common 
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for the electric match tip to be protected with a safety 
shroud, which usually consists of a soft plastic tube 
that encloses the match head and protects it. Two 
types of electric match, with their safety shrouds in 
place and then withdrawn to expose the match tips, 
are shown below. 


The safety shroud drastically reduces the sensitive- 
ness of the electric match to accidental ignition, espe- 
cially from impact and friction. For this reason, it is 
critically important to leave the safety shroud in place 
over the match tip. Removing the shroud to allow the 
match to be poked into a small space is exceptionally 
dangerous, as it simultaneously removes the protec- 
tion afforded by the shroud and exposes the match 
head to friction. Several electric match connectors 
have been developed to facilitate the attachment of 
electric matches, with their safety shrouds in place, to 
aerial shells and other devices. 


The flame produced by an electric match can be used 
to ignite a fuse or a lift charge in a firework device, a 
rocket motor or a pyrotechnic special effect composi- 
tion directly. When the safety shroud is left in place 
over the electric match tip, both the intensity and du- 
ration of the output of the electric match are in- 
creased. This is demonstrated in the series of images 
shown below (taken at 0.001-second intervals). The 
images on the right are with the shroud in place. 
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Electric matches are also used in the manufacture of 
squibs and detonators, which include pyrotechnic and 
high explosive base charges, respectively. In the fire- 
work trade, it is somewhat common, but incorrect, to 
refer to an electric match as a squib. 


Test and firing currents: See firing current. 


Historical: The history of electric matches is a subset 
of the long history of electric firing of explosives. 
Only a few milestones directly related to the modern 
electric match are mentioned here. The application 
intended for electric matches was almost always as a 
component of electric detonators for high explosives, 
but the use of electric matches for electrical ignition 
of fuses, etc., was sometimes mentioned as a secondary 
application. 


An early electric match, having a bridgewire sur- 
rounded by a solid mass of explosive composition 
applied as a liquid dip, was patented by American in- 
ventor Perry G. Gardner in 1888. The explosive used 
was mercury(I1) fulminate, applied as a suspension in 
collodion. 


In 1903 German inventors Nikolaus Schmitt and Jo- 
hann Krannichfeldt patented a method of manufactur- 
ing electric matches essentially the same as that used 
today; the match was made from a strip of insulating 
material coated on either side with a conducting ma- 
terial. The description of the invention included the 
use of a bridgewire as described above, but also in- 
cluded a similar match with no bridgewire, which 
implied the use of a conductive composition. No 
compositions were disclosed in this patent, but elec- 
troconductive compositions for electric igniters had 
been known for some time. For example, as early as 
1874, (before the introduction of the electric match) 
American inventor Thomas Varney had patented an 
electric detonator that included an ‘electrosensitive 
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powder’ that ignited on passage of an electric current 
through it (formulation 4, presented below). There 
were several subsequent patents dealing with im- 
provements to the manufacturing process disclosed by 
Schmitt and Krannichfeldt, but the composition to be 
used was usually not specified as it was not involved 
in the inventive step relevant to the patent. 


Formulation — | Parts by Weight 


Ingredient | 


Diazo-nitrophenol 


Polytetra-fluoroethylene 


a) No binder used. 

b) A4%solution of nitrocellulose in butyl acetate. 

c) Blended with acetone (at a rate of 1 ml/g of composi- 
tion). 

d) Military Specification: Type IV, Class 1. 

e) Military Specification: Type I, Class 1 or 2. 


Lead trinitro-resorcinate (the hydrated normal 
lead(II) salt of 2,4,6-trinitrobenzene-1,3 diol) was in- 
troduced as an ingredient of commercial detonators 
and percussion primers in the late 1920s. It, or the 
somewhat less sensitive basic lead(II) salt of the 
same acid, soon became common ingredients in elec- 
tric match compositions. American inventors David 
Trevor Jones and Frederick Joseph Moore proposed 
in a patent granted in 1933 the use of the lead(II) salts 
of 2-mononitro resorcinol (2-nitrobenzene-1,3-diol) in 
electric match compositions. Matches intended to be 
fired with a low voltage incorporated a bridgewire. 
Those to be fired with a high voltage had no bridge- 
wire; instead, a conductive material was to be included 
in the composition. 


Ina patent granted in 1936, American inventor Gordon 
H. Chambers disclosed the use of zirconium powder 
and an oxidizer in ammunition primers. This seems to 
be the earliest recommendation of zirconium as an 
ingredient of such primers. The inventor mentioned 
that his invention could be adapted for ‘detonator 
caps’ but did specify how. In 1937 American inventors 
William Henry Aughey and Lawton A. Burrows pro- 
posed the use of either copper(I) azide or silver(I) azide 
gelatinized with nitrostarch as an igniter composition 
for electric matches, intended for use as components 
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of electric detonators. Also, in 1937, American Stanley 
L. Handforth recommended ‘basic lead picrate’ (the 
basic lead(II) salt of trinitro-phenol) gelatinized with 
nitrostarch for the same purpose. Twelve years later, 
American David T. Zebree specified a composition 
using formulation 5, above. 


In 1973 British inventor Norman Reginald Ward was 
awarded a patent for covering the head of an electric 
match with a protective cap of heat-shrinkable plastic. 
In the same year, British inventors Arwyn Theophilus 
Thomas and Raymond James Williams were awarded 
patents for a process for manufacturing electric match- 
es whereby the pyrotechnic mixture was suspended in 
water containing a small quantity (~5%) of hydro- 
philic organic polymer (e.g., methyl cellulose), thus 
avoiding the conventional use of organic solvents. 


A novel composition for electric matches, intended to 
be moisture-resistant and stable in extreme environ- 
ments, was introduced by American inventors Davey 
S. Haas and Claude D. Helton and patented in 1979. 
The composition consisted of formulation 6 above 
and applied to a conventional bridgewire-type elec- 
tric matchhead by dipping. After drying, the match- 
head was given a protective coating of epoxy resin. 
The resulting electric matches were fully functional 
after 15 days’ exposure to weather (-5 to 50 °F, -21 to 
10 °C followed by immersion in water for 48 hours). 
Then-conventional military-specification — electric 
matches, having heads with compositions corre- 
sponding to formulations 1(a) and 1(b) above, all 
failed to ignite after having been subjected to the 
same treatment. Recent developments in electric 
match compositions have focused on the elimination 
of lead compounds, because of concerns about the 
toxicity of lead. (Example compositions are discussed 
by Orbovic et al. (2008)). 


The sensitivity of electric matches to electrostatic 
discharge has attracted the attention of several inven- 
tors over the years; to give but one example, in 1983, 
American Robert E. Betts patented a static-resistant 
electric match in which the entire match head was 
covered with a conductive coating in electrical con- 
tact with each of the leg wires and having a higher 
electrical resistance than the bridgewire. Such a layer 
could be provided, for example, by ‘silver paint’ (i.e., 
aluminum paint), metal suspension paint or graphite. 


ELECTRIC MATCH ATTACHMENT (firework aerial 
shell) — It is increasingly common for fireworks to be 
ignited using attached electric matches. When electric 
matches are used to ignite aerial shells, there are 
three common attachment points. These are illustrated 


Page 402 


in cross section at the 
right. (The use of elec- 
tric match connectors to 
facilitate the installation 
of electric matches is 
discussed elsewhere.) 


Attachment point (1): 
With the type of quick Common 
match more commonly Electric 


used in the past, this at- va 
: Attachment 
tachment point was : 
Points 


quite easy to use; it 
leaves the shell leader 
fuse fully intact, so it ©) 
can be used to lower the 
shell into its mortar; and it allows firing the shell 
manually in the event that should become necessary 
because of an electrical fault. 


In this case, the electric match is simply inserted into 
the match pipe of the shell leader and secured in 
place. First, the shell leader’s safety cap is removed 
(shown below). 
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The electric match with its safety shroud in place is 
inserted a short distance into the shell leader between 
the black match and the match pipe (shown below). 
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When attaching the electric match, care is necessary 
to ensure that the electric match is not blocked by 
some inner paper of the match pipe or within an at- 
tached bucket. Such a blockage can potentially lead 
to an ignition failure. An example of this is shown 
below. 


Encyclopedic Dictionary of Pyrotechnics 


The shell leader (A) can be seen leading to the left; 
also visible is the exposed end of its black match (B). 
In this case, the electric match successfully fired, as 
evidenced by the burn spot (C) on the inside of the 
match pipe. A fold of paper (D) between the electric 
match head and the black match protected the black 
match from the fire from the electric match, and the 
shell did not fire. 


The safety cap is replaced, and the electric match is se- 
cured in place, often using its leg wires (shown below). 


fetetatetete fatal otat ap Trt oot 
I i Fa jahey [et RES! 
+} 4 


pant | 
+ es 
[5 


= EnSSSEe 
i il i i it it it 
A aR a OG FT, 


pRIEtE TLE 
[2 Ae a 
Sara 
ES 

£ + 
fete 
ooo 


Unfortunately, the match pipe of many currently pro- 
duced shell leaders is not sufficiently large in diameter 
to allow for the easy insertion of an electric match with 
its safety shroud in place. One non-prudent solution 
thatis too often employed is to simply slide the safety 
shroud back and only insert the electric match tip. (See 
the discussion of electric match sensitiveness.) 


Another problem with attempting to attach an electric 
match to the end of such a shell leader is that often 
the delay element on the shell leader consists of a 
length of thick, visco-like fuse. These delay elements 
are always tied or otherwise tightly secured to the end 
of the shell leader (as shown below), thus preventing 
the easy insertion of an electric match. 
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An alternate method for attaching an electric match 
near the end of a shell leader is shown below. First, a 
slit is made into the match pipe of the shell leader at 
the intended point of attachment. If there is sufficient 
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space within the match pipe, an electric match is in- 
serted into the match pipe with its safety shroud in 
place. If, as in the case shown below, there is not suf- 
ficient space, then the electric match, with its safety 
shroud still in place, may be positioned over the black 
match in the shell leader and then secured in place 
with tape. 


Taking care to cover the match tip and any exposed 
black match completely with tape, the electric match 
is further secured by tying its leg wires around the 
shell leader (shown below). 


A version of the bucket method can also be used for 
attaching an electric match to the end of a shell leader 
that has been manufactured with a heavy, visco-like 
delay element. The delay element can be cut off and a 
small amount of black match exposed at the end of 
the shell leader, as shown below. 
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Next, the end of the safety cap is cut off, the safety 
cap is reinstalled over the end of the shell leader and 
secured in place using a cable tie or tied with string 
(shown below). 


; SeonHonontontostasteftastaats H 
FFE i 
i sueseetoventee 


HAH t FAH 


TTT rrr tr 


The electric match, with its safety shroud in place can 
then be inserted into the now open end of the safety 
cap. The final step is to close the end of the safety cap 
with a cable tie or with string. The electric match can 
be further secured if its leg wires have been run under 
the tie, shown below. 
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Attachment_point (2): Another frequently used at- 
tachment point is just above the top of the aerial 


shell. Use of this attachment point does not leave the 
shell leader fuse fully intact. Consequently, the leader 
cannot be used to lower the shell into its mortar, nor 
can the shell be fired manually in the event of an 
electrical fault. A benefit of eliminating most of the 
shell leader is the reduction of fire and debris pro- 
duced during the firing of an electrical firework dis- 
play. This also results in improved firing time precision 
(discussed below). 


To use attachment-point 2, the leader fuse is cut off a 
short distance above the top of the shell. If the match 
pipe is sufficiently large in diameter, the electric match 
is simply inserted into the match pipe of the shell 
leader (shown below). 


The electric match is secured in place, typically using 
its leg wires. A final tape covering the attachment point 
is not shown below. 
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Attachment point (3): Shell manufacturers often insert 
the electric match directly into the lift charge (shown 
below). This is especially easy to accomplish during 
manufacture, but it may require the use of the leg 
wires of the electric match for lowering the shell into 
its mortar. Large caliber shells will be provided with 
a lowering cord attached to the aerial shell’s sus- 
pender. 
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Occasionally, an electric match is installed into the 
lift charge subsequent to the shell’s manufacture. 
When this is done, a number of problems can result. 
For example, lift charge may leak out during han- 
dling and transportation of the shell. Also, if not 
properly prepared, there can be problems with hang- 
fires and misfires. 


Safety Note: See fuse cutting, pyrotechnic for rec- 
ommended methods for cutting shell leaders. 


Electric match leg wires: When firing shells electri- 
cally, consideration needs to be given to the fate of 
the leg wires. There is potential for leg wires to be 
carried up with the attached aerial shell and then 
cause problems when they return to earth. One poten- 
tial problem is for the leg wires to fall onto power 
lines. Another potential problem is when the leg 
wires from one shell tug on and disconnect the wiring 
to an unfired, shell. 


The potential for problems is greatest for shells in 
which the electric matches have been installed into 
the lift charge (attachment point 3) and/or when the 
leg wires are firmly attached to the shell’s suspender. 
In large measure, problems with leg wires can be 
avoided by using the practice described as short wir- 
ing or strain relieving. 


Firing delay and precision: When a firework display 
is tightly choreographed to a musical performance, it 


is important to correct for the time interval elapsing 
between energizing an electric match to fire a shell 
and the subsequent burst of the shell. On average, this 
can be determined by test firing the shells and meas- 
uring the time interval. Another important considera- 
tion can be the statistical precision with which the 
functioning of the aerial shell occurs. For example, it 
is useful to know that a particular type of shell will 
explode on average 5.5 seconds after applying firing 
current to its attached electric match. If the precision 
of the shell burst is plus or minus 2 seconds, it is un- 
likely that the display will be seen by its viewers as 
being well choreographed. 


The average delay occurring between the ignition of 
the electric match and the exiting of the shell from 
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the mortar, and the statistical precision of the delay, 
depends on which one of the three attachment points 
is used (presented below). 


Average Firing | Typical Firing 
Attachment Delay 
Point (seconds) 


Precision 
(seconds) 


The greatest delay and least precision are achieved 
with attachment point (1); the least delay and greatest 
precision occur when using attachment point (3). 
These delay times and precisions must be combined 
with the time fuse delays and their precisions to ar- 
rive at the overall delay and precision for firing aerial 
shells in a tightly choreographed display. 


ELECTRIC MATCH ATTACHMENT (other firework de- 
vice) — It is increasingly common to use electric 
matches to ignite display pieces and fireworks other 
than aerial shells. To accomplish this, the electric 
match must first be reliably attached to each firework. 


Quick match fused items: Many fireworks are fused 
with quick match. For such items (e.g., multiple-tube 
devices, large fountains, Roman candle batteries and 
lance setpieces), the electric match can be installed as 
described for their attachment to an aerial shell leader 
fuse. The attachment to the quick match leader to a 
Roman candle pauety is shown below. 


Visco fuse _and igniter cord fused items: In recent 
years, it is increasingly common for even quite large 
firework displays to include a large number of con- 
sumer firework devices and large multiple-tube de- 
vices (1.e., cakes). Most of these items are fused with 
visco fuse, which can pose somewhat of a problem 
when they need to be ignited remotely (i.e., electri- 
cally). One method, more common in the past, was to 
attach a short piece of quick match to the visco fuse 
and then attach an electric match to the quick match. 
With this method, the electric match ignites the black 
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match, which then ignites the visco fuse either by side 
or end ignition. More recently, it has become com- 
mon to ignite visco fuse (or most types of igniter 
cord) directly with an electric match. This method 
couples the electric match and fuse using a short 
length of small diameter rubber or plastic tubing 
pene nn: 
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With this method, the electric match and fuse are 
simply inserted into the ends of the coupling tube, as 
shown below. 

ane Ee eee es ee ee 


SE Roe eee sane sone <a 7 


Coupling to visco and other similar diameter fuses 
may also be accomplished using various electric 
match connectors. With any of these methods, while 
the electric match will ignite instantaneously, the visco 
or other type fuse will produce a delay in the firing of 
the attached device, depending on the length and burn 
rate of that fuse. 


ELECTRIC MATCH ATTACHMENT (stage pyrotech- 


nics) — When an electric match is used to ignite stage 
or proximate audience pyrotechnics, the manner of 
attachment depends somewhat on the nature of the 
device. 


Pyrotechnic preload: Almost universally, a preload 
has its electric match installed either into its bottom 
or into its top. The first example (shown below) is a 
gerb that has its electric match installed from below. 


THIS END UP 


MADE BY: LUNA TECH INC. 
448 MOON DRIVE 


The electric match (yellow arrow, shown below) was 
secured into position near the middle of the device, in 
its lower (light gray) clay plug, at the time the gerb 
was manufactured. (With other devices hot-melt glue 
may be used to secure the electric match.) The pow- 
der charge (black) of the gerb has an open central 
core to provide an exit for the gas and sparks it is de- 
signed to produce. 
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The second example of electric match attachment is a 
titanium whistle that has its electric match installed 
from above (shown below). 


MADE BY: LUNA TECK INC, 


448 MOON DRIVE 
QUENS CROSS ROADS, AL 35763 


The electric match (yellow arrow, shown below) has 
been inserted through a small hole in its plastic cap 
(red). The electric match is held in position near the 
middle of the device and part way down into the cen- 
tral core in its charge of powder (gray). In this case, 
the process of installing the electric match may occur 
at the time the whistle or gerb is manufactured, but it 
is somewhat more likely to be performed by the pyro- 
technician when preparing to use the preload. 


Airbursts are commonly made by simply configuring 
the charge of powder (and possibly small stars) 
around the electric match head itself (as shown below). 
The outer wrap of an airburst is often flash paper (left) 
or Saran Wrap™ (right). 


Performance appliance: With effects produced using 
binary pyrotechnic compositions or other loose pow- 
ders, it is necessary to use some type of performance 
appliance. It is fairly common for the performance 
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appliance to be designed with a hole through the wall 
of the device, leading into the area to be loaded with 
powder. The electric match for ignition of the powder 
charge is installed in this hole, as shown below. This 
aids in the proper positioning of the electric match in 
relation to the powder charge. 


rene 


As an alternative to an electric match hole, the elec- 
tric match can simply be inserted into the open end of 
the appliance. In either case, it is advisable to secure the 
electric match to the device to help prevent it from 
being pulled out of position before firing. 


ELECTRIC MATCH CONNECTOR — A small device 


used to facilitate the safe attachment of an electric 
match to a pyrotechnic item. These connectors may 
be used both for convenience and for safety. The use 
of connectors can save time in the secure and reliable 
attachment of electric matches, and also helps in pro- 
tecting the electric match tips during handling and use. 


Attachment to an aerial shell: A device described as a 
T-connector or Shogun connector is often used on aer- 
ial shells. This connector, as it would be attached to the 
shell’s leader fuse, is illustrated below in cross section. 


Electric Match String 
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While it is possible for a display company to install 
these connectors, aerial shells are often manufactured 
with the connector pre-installed by the manufacturer, 
as shown below. 
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These shells are typically supplied with two leader 
fuses, a normal, quick match leader fuse for use if the 
shell is to be manually fired, and a second, short 
leader fuse terminating in an electric match connector 
with a small plug (red) inserted where an electric 
match can be installed. 


If a display is to be electrically fired, the small plug 
that was inserted by the manufacturer into the end of 
the connector is removed. Then an electric match 
with its safety shroud in place is simply inserted into 
the connector and secured in place using the electric 
match leg wires, as shown below. 


As a test of the effectiveness of this type of connect- 
or, one was fired with an electric match alone (with- 
out the added thin pieces of black match and de- 
tached quick match). The fire and sparks from the 
electric match alone (a Daveyfire A/N 28 BR) were 
projected more than 12 inches (300 mm) from the 
end of the connector as shown below. 


Another connector that has been introduced more re- 
cently is shown in the series of photographs below. 
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The connector (appearing black) is attached near the 
ignition end of the shell leader. It is supplied with a 
delay element for use in manual firing of the shell 
locked into the bayonet style connector (upper image). 
This delay element can be removed, leaving space for 
the attachment of an electric match (middle two im- 
ages) After insertion of the shrouded electric match, 
the leg wires are securely attached using a clip on the 
side of the connector (lower image). 


Another connector that can be attached either to a 
normal shell leader fuse or into the shell’s lift charge 
is shown below. To use this connector, first an elec- 
tric match (without its safety shroud) is loaded into 
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Ifthe connector is to be attached to a shell’s leader fuse, 
the fuse is cut at the point desired, and then the con- 


If the connector is to be attached into a shell’s lift 
charge, the pointed end of the connector is simply 
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pressed through the lift bag of the shell and into the 
lift charge, and then the connector is secured in place 
with tape, not shown below. 


Attachment to small diameter fuses: It is common to 
use collections of consumer fireworks and large con- 
sumer multiple-shot units in firework displays. Often 
(especially on smaller items) these fireworks are 
fused with visco fuse. Probably the simplest connect- 
or is just a short length of tubing into which both the 
visco fuse and electric match are inserted. (For an ex- 
ample, see electric match attachment (other firework 
devices).) The red connector shown above for use with 
aerial shells can be used in a similar manner, by 
simply inserting the small diameter fuse into the point- 
ed opening of the connector. 


Another connector for use with visco and other similar 
diameter fuses is shown below. First, the electric match 
(without its safety shroud) is loaded into the connect- 
or, which protects the electric match. Next, the end of 
the small diameter fuse is inserted and locked into 
place in the connector by simply closing the connect- 
or. Finally, the coupler is secured in place with tape, 
not shown below. 


ELECTRIC MATCH CONTINUITY TESTING — When 
pyrotechnics are to be fired electrically, it is im- 
portant that the ignition happens when intended. Thus, 
it is appropriate to test the electric continuity of the 
firing circuit, or, better yet, to measure its electrical 
resistance. While this will not absolutely guarantee 
that the firing will occur as intended when the circuit 
is activated, it does provide a useful degree of confi- 
dence. To perform this test, a very small electric cur- 
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rent is passed through the firing circuit, including the 
electric igniter (usually an electric match). The ac- 
cepted safe test current for an electric match is no 
more than 0.05 ampere or 20% of its no-fire current 
(see firing current), whichever is less. 


Probably the best instruments to use to measure re- 
sistance or to confirm continuity are a blasting galva- 
nometer, a blasting multimeter or a blasting ohmmeter. 
These instruments are relatively expensive when com- 
pared to normal continuity testers and multimeters. 
Thus, there is a temptation to use the less expensive al- 
ternatives. In most — but not all — instances such in- 
struments will safely perform the task, but some in- 
struments, especially older analog instruments, may 
deliver an unsafe current, potentially firing an electric 
match instead of simply testing its circuit. 


Testing a circuit with some instruments can render an 
electric match incapable of firing when intended. 
This malfunction is less dangerous than the instant 
firing of the match when the circuit is tested but is 
obviously still a problem. It occurs when a test current 
is in the mid-range between the all-fire and no-fire 
currents. At these currents, although the match may 
not fire, the bridgewire may heat and become physi- 
cally (and thermally) uncoupled from the pyrotechnic 
composition in the match tip. If this happens, when a 
firing current is subsequently applied, the bridgewire 
may heat (even to the point of fusing to become an 
open circuit), but it may not ignite the electric match 
composition. 


A demonstration of the potential for some test in- 
struments to fire an electric match accidentally is 
shown below. The first image (left) shows an analog 
multi-tester with an electric match wrapped around a 
vertical rod to the right. In the middle and right images, 
taken after dimming the lights, the test leads can be 
seen (red and black, lower left) just before and just 
after making contact with the electric match leg wires. 


If a test instrument, other than one certified safe for 
use in electric match and detonator circuits, is to be 
used, it is necessary to test the test instrument before 
using it. This can be done as illustrated below. 
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Tester Set to Every 
Resistance Range 


Precision 
Resistor 


Storage 
Oscilloscope 


With this setup, the level of electric current produced 
during testing for continuity or resistance can be meas- 
ured. For all commonly-used electric matches, the in- 
strument should be safe to use if the peak electric 
current supplied is no more than 0.05 ampere, or, as an 
alternative, no more than 20% of the electric match’s 
no-fire current, whichever is less. 


ELECTRIC MATCH SENSITIVENESS — Electric match- 
es are well known for their high level of sensitiveness 
to accidental ignition. Many serious accidents have 
been attributed to the use of electric matches in fire- 
works. The risk is greatly increased when the safety 
shroud has been removed from the electric match, 
thus exposing its sensitive tip to impact, friction and 
electrostatic discharges. 


Impact _sensitiveness: When an electric match tip is 
crushed (as illustrated below in cross section), it may 


ignite. 
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A study of electric match sensitiveness found that most 
electric matches available at the time of the study 
could be ignited by an impact of less than a 1.1-pound 
(0.5-kg) fall-hammer from a height of approximately 
8 inches (200 mm). Electric matches were also found 
to be at least 10 times more sensitive to impact than 
granular Black Powder and common flash powders. 


A demonstration of the ignition of an electric match 
from a modest impact is shown below. The first image 
(left) shows of a steel anvil and a steel rod with an 
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electric match tip (without its shroud) taped to its end 
in preparation for the impact demonstration. The mid- 
dle and right images capture the moments just before 
and just after the electric match tip impacts the anvil. 


Over the years, serious accidents have been caused by 
impacts to bare (i.e., unshrouded) electric matches. In 
some cases, the impacts would seem to have been too 
small to produce an ignition given the measured sen- 
sitiveness of properly-fabricated electric matches. If 
this were so, then it would have to be concluded that 
some small fraction of electric matches is abnormally 
sensitive to impact. Two possible causes for such en- 
hanced sensitiveness have been found. 


Two electric match tips that have had a portion of the 
composition carefully removed from their ends by 
abrasion are shown below. The one on the left is a 
properly constructed match tip. Three different mate- 
rials can be seen: outermost (A) is the thin lacquer 
coating, next (B) is the secondary match composition, 
and innermost (C) is the highly sensitive primary 
match composition that is coated over the bridgewire 
(not seen). The match tip on the right has defects. 
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One defect is the presence of voids (i.e., holes) in both 
the primary and secondary compositions (identified 
with green arrows, shown below on the left). In the 
event of a sharp impact, the voids will collapse force- 
fully, compressing the trapped gas and forming hot 
spots as the result of adiabatic heating. These hot spots 
can potentially cause an ignition from a less forceful 
impact than is normally required. The other defect is 
that pieces of the primary composition are dispersed 
within the secondary composition (white arrows, 
shown below on the right). This places some of the 
highly sensitive primary composition closer to the 
point of impact, again potentially causing an ignition 
from a less forceful impact than is normally required. 


Page 409 


These defects may help to explain the unusually high 
impact sensitiveness of some electric matches. 
Knowledge of the existence of such extreme impact 
sensitiveness underscores the need to leave safety 
shrouds in place on electric matches. 


Friction sensitiveness: When an electric match is 
forcefully scraped on a modestly rough surface, as il- 
lustrated below in cross section, it may ignite. 


J 


Results of a comparative study of electric match fric- 
tion sensitiveness did not allow a direct comparison 
with other pyrotechnic materials. Nonetheless, the high 
level of friction sensitiveness of electric matches is 
demonstrated by the accidents that have occurred when 
an electric match was being removed from an aerial 
shell leader fuse, wherein a match tip was rubbed 
against nothing more than the black match in the 
leader fuse. 


A demonstration of the ignition of an electric match 
by friction is shown below. 
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In the first image (left), an electric match tip is shown 
protruding a short distance from the end of a wooden 
handle. Also, shown is a rectangular piece of 200- 
mesh emery paper (in a holder), the right side of 
which had a small amount of sulfur applied. Some 
electric matches have demonstrated increased sensi- 
tiveness to friction when sulfur, such as found in 
Black Powder, is present. The middle and right images 
show the moments just before and just after the elec- 
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tric match was scraped across the emery paper with 
sulfur. Another factor that can increase the friction 
sensitiveness of an electric match is the lacquer coating 
having been damaged or worn away. 


Electrostatic discharge sensitiveness: When an elec- 
tric match is subjected to an electrostatic discharge 


(ESD), it may ignite. There are two basic configura- 
tions in which the discharge may occur. The first 
configuration is a discharge occurring through the 
bridgewire of the electric match (sometimes de- 
scribed as a pin-to-pin discharge), as illustrated in 
cross section below. 


ESD 


Mp 


== Ground 


While it is possible to have an accidental ignition of 
an electric match as the result of an ESD through the 
bridgewire, it is unlikely that a sufficient charge could 
be generated on a person. On the contrary, a nearby 
lightning strike or the charge that could develop on a 
vehicle or other large piece of equipment could cer- 
tainly be sufficient to ignite an electric match. If the 
electric leads to the match are shunted (i.e., shorted 
together), this type of discharge is prevented. 


The second, and much more dangerous configuration, 
is a discharge occurring through the composition of 
the electric match (sometimes described as a pin-to- 
case discharge), as illustrated in cross section below. 


Ground = 


Two things make this type of discharge potentially 
much more dangerous. First, this type of discharge is 
not precluded by shunting the electric leads to the 
electric match; the discharge can reach the match tip 
along either or both of the leg wires. Second, the en- 
ergy of the discharge needed to cause the ignition of 
the match in this configuration is only a few percent 
of that required to cause an ignition for a discharge 
passing through the bridgewire (sometimes described 
as a pin-to-pin discharge). For some electric matches, 
the amount of discharge energy required is only a 
small percentage of the electrostatic charge that a 
person can develop in normal work situations. In fact, 
the amount of energy to produce an ignition can be so 
very small that a person would not even feel that a 
discharge had occurred. 
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One might think that this type of ESD (..e., through 
the composition) is precluded by the presence of an 
insulating coating (with its high dielectric strength) 
covering the match tip. This would be so if that coating 
were perfectly continuous, but any small gap, crack 
or hole in the coating renders it ineffective in pre- 
venting this type of discharge. Electrical and micro- 
scopic examination revealed that deficiencies in the 
coatings were at least occasionally present in electric 
matches from all major suppliers in the US. One of 
many examples of such coating deficiencies on an 
electric match tip is shown below (the electron mi- 
crographs are at two different magnifications). 


Defects in the coatings on electric matches can simply 
be introduced through handling. Even relatively slight 
compression of the tip can introduce microscopic 
cracks in the coating that are more than sufficient to 
allow electrostatic discharges to occur. Also, even the 
minor abrasion to an exposed match tip during normal 
handling may allow a discharge through the coating. 


A demonstration of the ignition of a shunted electric 
match, with a defect in its coating, by an electrostatic 
discharge too small even to be felt by a person, is 
shown below. 


In the first image (left, in dim light), the probe of the 
ESD tester can be seen just about to make contact 
with the tip of an electric match that has been 
wrapped around a vertical rod. The second photo- 
graph is just after the test probe contacted the match 
tip, and the ESD that occurred ignited the match. 


ELECTRIC POTENTIAL — See voltage. 


ELECTRIC PRIMER — See electric match. 
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ELECTRICS — An outdated term referring to the com- 
ponents required to fire a pyrotechnic device or de- 
vices electrically. 


ELECTRIC SPARK — A short-duration flow of electric 
current across a gap between two points of differing 
potential. Most typically, an electric spark is a transient 
plasma produced by electrostatic energy and may be 
described as an electrostatic discharge. In that event, 
because of the high electric potentials involved (po- 
tentially many thousands of volts), it is not necessary 
for the discharge to take place between efficient con- 
ductors of electricity. Electrostatic discharges (i.e., 
electric sparks) can ignite pyrotechnic and explosive 
materials. 


Long-duration electric sparks are commonly de- 
scribed as electric arcs. 


ELECTRIC SPARKLER — See sparkler. 
ELECTRIC SPREADER STAR - See spreader star. 
ELECTRIC SQUIB — See squib. 

ELECTRIC STAR — See electric effect. 


ELECTRIC STORM (fireworks) — The name used for a 
variety of a consumer firework devices, commonly 
fountains or multiple-tube devices, which produce an 
electric effect (i.e., bright sparks), usually by using 
aluminum or titanium as the spark-producing material 
in its pyrotechnic composition. It can also describe an 
artillery shell containing multiple salute inserts that 
will produce a series of reports in rapid succession. 


ELECTRIC STORM (meteorological) — (Also thunder- 
storm or electrical storm) — An atmospheric disturb- 
ance including intense electrical activity, often but 
not always accompanied by lightning strikes. An 
electric storm presents varying hazards for all activi- 
ties involving explosives. The greatest hazard is as- 
sociated with the accidental initiation of explosives 
associated with electrical firing; hazards exist for all 
other explosive activities. During such storms, facto- 
ries and magazines must be closed and the employees 
moved to a safe distance. 


ELECTRIC WIRE — See wire, electric. 
ELECTROEXPLOSIVE DEVICE — (Abbreviated EED) 


— A general term for a pyrotechnic or explosive de- 
vice that, when operated by means of electricity, per- 
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forms some desired effect. Examples include igniters, 
squibs, detonators and explosive actuators. 


ELECTROMAGNETIC INTERFERENCE — (Abbreviated 
EMI) — (Also radio frequency interference or RFI) — 
For radio-controlled firework ignition systems, elec- 
tromagnetic interference can prevent the proper func- 
tioning of the system. Except for extremely poorly 
designed systems, such malfunctioning should not 
cause unintended firings. 


For radio-controlled aeromodels, electromagnetic in- 
terference can interfere with the control of the model. 


ELECTROMAGNETIC RADIATION — Energy in the form 
of photons that is transmitted through a medium or 
space as electromagnetic waves. Radio waves, visible 
light and X-rays are all part of the electromagnetic 
spectrum (radiation of varying energy and wave- 
length). 


ELECTROMAGNETIC SPECTRUM — (The plural of 


spectrum is spectra.) — The continuous range of elec- 
tromagnetic emissions (1.e., photons) of various energy 
or wavelengths, including radio waves, visible light 
and X-rays, as presented below. 


High Energy Photons 


Wavelength 
(nanometers) 


Gamma-rays —— — 103 
X-rayS —— — 40 
Ultraviolet Light —_ _f- 10° 
Visible Light —— — 10° 
Infrared Light ~~ ™. 104 
Microwaves — — 10’ 
Radio Waves — — 10" 


Low Energy Photons 


ELECTROMOTIVE FORCE — (Symbol: E) — (Abbrevi- 
ated emf) — That which causes the movement of charge 
carriers such as electrons in an electric circuit or ions 
inasolution. The unit of electromotive force is the volt 
(symbol: V). A potential difference of one volt will 
produce an electric current of one ampere to flow in a 
circuit having one ohm ofresistance. (See Ohm’s law.) 


ELECTRON — (Symbol: e) — A negatively charged el- 


ementary particle that has 1/1836 of the mass of a 
proton and an equal but opposite charge as that of a 
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proton. Electrons surround the nucleus of an atom. 
The interaction of the outermost of these electrons 
gives rise to chemical bonds between atoms, and the 
formation of strong chemical bonds gives rise to the 
production of the thermal energy in pyrotechnics. 
Electrons are the most common carriers of electric 
current. 


ELECTRON AFFINITY — (Symbol: A) — The energy 


change associated with a gaseous atom or molecule 
combining with an electron to form a negative ion. It 
is often denoted by the symbol A. 


ELECTRONEGATIVE and ELECTRONEGATIVITY — 


(Abbreviated EN) — A measure of the propensity of a 
chemical element to acquire additional electrons to 
form negative ions (i.e., anions). Electronegativity 
plays a central role in determining the type of chemical 
bonds that form between atoms. It also can be used as 
a predictor of spark color and brightness. 


Electronegativity may be described using several dif- 
ferent scales. One scale, the Pauling scale, uses fluo- 
rine, the most electronegative element, as the basis, 
arbitrarily assigning fluorine an electronegativity value 
of 4.0. Then, the other element electronegativities are 
assigned in proportion to that of fluorine, on the basis 
of bond dissociation energies. Another scale, the 
Mullikan scale, calculates values of electronegativity 
in energy units (i.e., in electron volts). The Mullikan 
electronegativity is simply the average of the ioniza- 
tion energy and the electron affinity. 


Pauling scale electronegativities are used in this text 
and are presented below for many of the chemical el- 
ements encountered in pyrotechnics (“CRC Hand- 
book of Chemistry and Physics”). 


Electro- 


Element negativity 


Chemical Chemical 
Symbol 
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If the difference in electronegativity between the two 

Chemical Chemical | Electro- atoms is relatively large (from about 1.7 to 3.3), the 

chemical bond is an ionic bond (see chemical bond). 

1 For example, the bond between oxygen atoms (with 

| an electronegativity of 3.4) and magnesium atoms 

(with an electronegativity of 1.3) in magnesium oxide 
[MgO] is an ionic bond. 


| 
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Spark color: For electronegativity and spark color, see 
spark color. 


ELECTRONIC DETONATOR — See detonator. 
ELECTRONIC DRIFT — See drift (verb). 


ELECTRONIC INITIATOR — A device, such as an elec- 


Electronegativity and chemical bond type: Electroneg- 
ativity difference is a reasonably good predictor of the 


type of chemical bond that occurs between two atoms. 


If the difference in electronegativity between two at- 
oms is relatively small (from about 0.0 to 1.3) and both 
values are relatively low (from approximately 0.7 to 
2.0), the chemical bond will be a metallic bond (see 
chemical bond). For example, the bond between mag- 
nesium atoms (with an electronegativity of 1.3) and 
aluminum atoms (with an electronegativity of 1.6) in 
the various alloys of magnalium is a metallic bond. 


If the difference in electronegativity between the two 
atoms is relatively small (from about 0.0 to 2.0) and 
both values are relatively high (from about 2.0 to 4.0), 
the chemical bond will be a covalent bond (see chem- 
ical bond). For example, the bond between oxygen 
atoms (with an electronegativity of 3.4) and chlorine 
atoms (with an electronegativity of 3.2) in chlorine 
dioxide [ClO2] or in a perchlorate ion [C1Og4 ] is a co- 
valent bond. When the electronegativity difference 
between the two atoms is from about 1.0 to 2.0, the 
bond type is commonly referred to as a polar covalent 
bond. For example, the bond between oxygen atoms 
(with an electronegativity of 3.4) and hydrogen atoms 
(with an electronegativity of 2.2) in water [H2O] is a 
polar covalent bond. In that case, the sharing of the 
bonding electrons is unequal, with the oxygen atom 
and hydrogen atoms each having partial negative and 
positive charges, respectively. 
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tric detonator or electric match, that incorporates 
electronic circuitry to produce a delay between its ac- 
tivation and its firing. In addition, other logic func- 
tions may be provided to control some aspect(s) of 
the initiation process. Thus, an electronic initiator may 
simply provide an electronic delay-timing function, 
or it may involve the detection of an external event 
and thus provide some type of a fail-safe function. 


In blasting: Electronic initiators are being used in 
blasting (e.g., quarrying) to provide accurate time de- 
lays and may have security features, (e.g., requiring 
the use of a specific blasting machine and a blaster’s 
electronic key (i.e., code) before they will fire). 


In fireworks: See Magicfire™ igniter. 


ELECTRONIC PROTRACTOR — See inclinometer. 


ELECTRON MICROGRAPH — An image with high 


magnification that is produced by a beam of elec- 
trons, as produced by a scanning electron micro- 
scope. Electron micrographs have one disadvantage 
when compared with photomicrographs and two sig- 
nificant advantages. The disadvantage is that only 
monotone (i.e., gray scale) images are produced. One 
advantage is that higher levels of magnification are 
possible. More importantly, the other advantage is a 
much greater depth of field that allows greater clarity, 
especially for significantly three-dimensional objects. 
A few examples of electron micrographs of pyro- 
technic interest are discussed and shown below. 


First is an image (shown below) of a tiny portion of a 
type of comet that on occasion demonstrated the ability 
to explode with horrific violence. Part of the reason 
for this the presence of voids in the comet composition 
that allow the penetration of combustion gases to 
cause the near instantaneous ignition of the entire 
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mass of comet composition. (In the scale, 100 um 
corresponds to 0.0039 inch). 


2 


The next electron micro- 
graph (at the right) shows 
two pyrotechnic reaction 
residue particles (ie., 
smoke particles) produced 
by an explosion of a charge 
of flash powder. An analy- 
sis of the chemical elements contained in particles 
such as these is often useful in an investigation to 
identify the cause and course of an accident or criminal 
act. The larger of the two particles is approximately 
20 um in diameter, which corresponds to approxi- 
mately 0.0008 inch. 


The third electron micrograph (below) shows an elec- 
tric match tip that malfunctioned by failing to propa- 
gate fire fully throughout its pyrotechnic composition 
even though its bridgewire had fused. 


ELECTRON ORBITAL — See quantum theory (atomic 
structure). 


ELECTRON TEMPERATURE — See temperature. 


ELECTRON VOLT — (Symbol: eV) — The kinetic energy 
acquired by an entity having a unit electric charge (such 
as an electron) accelerating through a potential differ- 
ence of one volt (equal to 1.60 10°'° J). X-ray energies, 
such as used in X-ray fluorescence spectroscopy, are 
reported in thousands of electron volts (kilo-electron- 
volts, keV). In some scientific fields, the electron volt 
is also used as a measure of temperature. 


ELECTROPOSITIVE (chemistry) — An adjective ap- 
plied to chemical elements having a strong tendency 
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to lose electrons and form positive ions (i.e., cations). 
As a group, metals are electropositive, and the most 
electropositive metals are those to the extreme lower 
left of the periodic table of elements. Electropositive 
is the opposite of electronegative. 


ELECTROSTATIC DISCHARGE — (Abbreviated ESD) 
— A highly transient electric current that is produced 
when objects having widely differing electrostatic 
potentials come into contact or near contact, and 
which leads to the equalizing of the potentials. If the 
potential difference is sufficiently great, a plasma 
may form between the objects and the ESD is de- 
scribed as a spark. If this occurs in the immediate 
presence of a pyrotechnic material, it is possible that 
the ESD may be sufficiently energetic to ignite the 
material, possibly resulting in a serious accident. Ig- 
nitions are especially likely if the pyrotechnic com- 
position has a significant percentage of electrically 
conductive ingredients (e.g., metal fuel). 


Mechanical motion is effective in generating electro- 
static potentials ranging to more than 10,000 volts. 
The way to avoid accidents is to avoid the ESD by 
preventing the accumulation of significant electro- 
static potentials such as with the use of electrostatic 
dissipatives. 


ELECTROSTATIC DISCHARGE SENSITIVENESS — 
See ignition sensitiveness. 


ELECTROSTATIC DISCHARGE TESTING — (Also ESD 
testing) — The process used to evaluate a pyrotechnic 
composition or an explosive for its susceptibility to 
ignition or initiation by an electrostatic discharge. 


ELECTROSTATIC DISSIPATIVE — (Also anti-stat or 
static dissipative) — A type of chemical that helps 
eliminate the accumulation of an electrostatic charge 
on objects or materials. Typically, an electrostatic dis- 
sipative is a detergent-like substance. It operates by 
acquiring moisture from the air that forms a weakly 
conducting film on the item or material to which it 
has been applied. 


Electrostatic dissipatives can be purchased in spray 
bottles, for ready application to surfaces. In some in- 
stances, the electrostatic dissipative has been manu- 
factured into the product, typically, plastics, which 
renders them permanently free of static build-up. 
Such plastic items are typically colored hot pink to 
indicate their anti-static nature. 


Some researchers believe that the use of electrostatic 
dissipative containers and tools is safer than the use 
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of conductive ones. Despite this, governing regula- 
tions may require the use of conductive materials. 


When an electrostatic discharge has the potential to 
produce a serious accident, one approach to managing 
that risk is to spray an electrostatic dissipative on work 
surfaces, containers and tools. A more reliable method 
is to implement electrostatic grounding (i.e., bonding) 
of personnel and equipment. In particular, an activity 
where the potential for accidents from electrostatic 
discharge needs to be seriously addressed is the making 
and handling of firework flash powder. 


ELECTROSTATIC SENSITIVITY and ELECTROSTATIC 
SENSITIVENESS -— See ignition sensitiveness. 


ELEMENT — See chemical element. 


ELEVATED DISPLAY (fireworks) — A firework display 
discharged from a firing site that is substantially above 
ground level, such as a display fired from the top of a 
building, mechanical lifts or similar structures. 


ELEVATION — Typically, the height of the ground above 
mean sea level or the height of a structure above 
ground level. This is somewhat in contrast with alti- 
tude, which for flying and ballistic objects typically 
refers to its height above ground level. 


ELEVATION, ANGLE OF — The angle (between 0° and 
90°) measured from the horizontal (0°) to an object of 
interest (illustrated below). 


Angle of Elevation 


——- ——_ — — = > O° 
Observer Horizontal 


Instruments for measuring angles of elevation include 
a sextant and a gunner’s quadrant. 


A simple, yet reasonably effective way of measuring 
the approximate angle of elevation is provided by the 
pistol-grip instrument shown farther below. This in- 
strument is specifically sold for the purpose of deter- 
mining the approximate altitude reached by model 
rockets, but it could be used for aerial fireworks as well. 


When the sights of the instrument are aimed at the 
object for which the angle of elevation is sought, while 
the trigger is being pulled, the weighted angle indica- 
tor is held near vertical by gravity. Following the sight- 
ing of the object, the trigger is released, locking the 
angle indicator in position for subsequent reading. 
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For the case shown below, the angle of elevation was 
35° up from horizontal. 


If the distance (d) from the observer to the vertical 
projection of the object and its angle of elevation (E) 
are known (illustrated below), it is relatively simple 
to calculate the altitude (a) of the object. 


Object 


=_--— >0° 
Obeatier Horizontal 
For objects launched approximately vertically (such 
as model rockets and aerial display shells), the dis- 
tance (d) is approximately that from the observer to 
the launch point of the object. Then, by measuring the 
angle of elevation (£), the altitude of the object (a) 
can simply be calculated using the relationship: 


a=dtanE 


For the model rocket instrument shown above, an at- 
tached altitude scale is calibrated for an observer to 
launch point distance of 150 m (492 ft), which allows 
a user at this distance to avoid having to do any 
mathematics. 


ELLIPSOID — See spheroid. 
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ELMER’S CARPENTER WOOD GLUE™ or ELMER’S 
GLUE™ — See aliphatic resin adhesive. 


E-MATCH — See electric match. 


EMERALD GREEN — See copper(II)—copper(I]) arse- 
nite (1/3). 


EMERGENCY ALARM SYSTEM - A system that pro- 
vides an indication and warning of an emergency sit- 
uation and that will provide immediate notification of 
the appropriate personnel. 


EMERGENCY PLANNING AND COMMUNITY RIGHT- 
To-Know ACcT — (Abbreviated EPCRA) — Also, 
known as Superfund Amendment and Reauthoriza- 
tion Act (SARA) in the US. For more information, 
visit the web site: www.epa.gov. 


EMERGENCY STOP and EMERGENCY SHUTDOWN 
SYSTEM (flame effect) — A circuit or other mecha- 
nism that when actuated results in the complete shut- 
down and extinguishing of all flame effects that are 
controlled by that system. 


emf — Abbreviation for electromotive force. 
EMI - Abbreviation for electromagnetic interference. 


EMISSION — In general, the sending out of something. 


In spectroscopy: Emission is the process by which 
electromagnetic energy is released from matter. For 
example, when an electron in an atom undergoes a 
transition between a higher and lower energy level, a 
photon of electromagnetic radiation can be the result. 
This process produces electromagnetic radiation with 
an extremely narrow range of energies that appears as 
an emission line in the electromagnetic spectrum. 
(See emission spectrum.) 


EMISSION LINE — Historically, a colored image of a 
narrow slit seen when light from a colored flame or 
electric spark passes through the slit and is viewed after 
having been dispersed by wavelength. This dispersion 
is a result of the light having passed through a prism 
or transmission diffraction grating or reflected from a 
reflection diffraction grating. In contemporary science, 
an emission line is a narrow region of high intensity 
in the emission spectrum, corresponding to photons 
having a very narrow range of energies, and thus to 
light having a very narrow range of wavelengths. 
Emission lines are characterized by their central 
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wavelength, intensity and line width, and are associ- 
ated with the emissions from atoms. 


EMISSION SPECTROSCOPY — The study of light emit- 
ted from excited atoms, ions, radicals or molecules 
(see emission spectrum). 


EMISSION SPECTRUM — A display either of the relative 
intensity of electromagnetic radiation emitted by a 
source, as a function of the wavelength of that radia- 
tion, or of the relative number of photons emitted by 
the source as a function of the energy of the photons. 
A spectrum of one type will be a mirror image of the 
other type. 


The term is often used to refer to the visible light 
emission spectrum, although in its broadest sense it 
extends across the whole electromagnetic spectrum, 
from low energy radio waves up to high-energy 
gamma rays. 


atomic spectrum — (Also atomic line spectrum) — 
Atoms have electron energy levels with precise energy 
values. All atoms of the same element have the same 
set of discrete energy levels, and each atom of a dif- 
ferent element has a different set of discrete energy 
levels. 


Atoms can be caused to emit photons of electromag- 
netic energy. This comes about in a two-step process, 
which can be described using the illustration below: 


E 
E, 
= 
Sige, 
ES 
E,=6—,-E, 


When the atoms are heated to a high temperature, 
such as in a flame, their electrons can temporarily 
transition to a higher energy state (red arrow above). 
When the electrons de-excite (i.e., relax) by transi- 
tioning to a lower energy state (green arrow), they 
can emit photons with an energy (£,) corresponding 
to the energy difference between the two states. In 
the above example: 


E» = Er — Eo 


Because the atomic energy levels have precise values, 
the emitted photons will also have precise energies. 
As a result, atoms produce spectra that consist of a 
series of narrow lines, sometimes referred to as line 
spectra. This is illustrated below (included above the 
graph is the continuous color spectrum, provided as 
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an aid in identifying the colors of the various atomic 
emissions). 
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Photon Energy 


If the emitted photons predominate in one portion of 
the visible color spectrum (see light spectrum (visible 
spectrum)), those emissions will appear colored to an 
observer. In the example above, the net effect of the 
atomic emissions would appear as reddish orange. 


When the concentration of emitters in a flame is es- 
pecially high, such as in an illumination flare, the 
usually narrow atomic spectral lines become much 
wider. This process is described as line broadening 
and can significantly change the color of a flame. 


continuous spectrum — (Also black body spec- 
trum) — Solids and liquids have a wide range of very 
closely spaced energy levels. As a result, when solids 
and liquids are heated to a high temperature, such as 
in a flame, they incandesce to produce photons with a 
very broad and continuous distribution of energies. 
This results in the production of a continuous spec- 
trum, as illustrated below. 


Number of Photons 


Photon Energy 


The shape of the curve is a function of temperature, 
and consequently the color of the emitted light is also 
a function of temperature, ranging from dull red at 
the lowest temperatures at which visible light is emit- 
ted, to brilliant, almost white, at the highest tempera- 
tures attainable in pyrotechnic flames. 


Any tiny particles (solid or liquid) present in a flame 
produce such a continuous spectrum. At the tempera- 
ture of pyrotechnic flames, the incandescent emis- 
sions of these tiny particles mostly appear yellowish 
white and will tend to weaken any color being pro- 
duced by other emitters in the flame. 
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A slightly different situation, with respect to color, ex- 
ists for lower temperature flames and sparks. When the 
temperature is sufficiently low, incandescing sparks 
and tiny particles in a flame can appear reddish or- 
ange. Then, with increasing flame temperature, the 
color can become yellow and then almost white. 


molecular spectrum — (Also band spectrum) — 
Molecules have electron energy levels that consist of 
bands of very closely spaced allowed energies. All 
molecules of the same compound have the same set 
of energy level bands, and different molecules have 
different sets of energy level bands. Like atoms, mol- 
ecules can be caused to emit photons, for example, 
when they are heated to a high temperature in a flame. 
Unlike the situation for atoms, the emitted photons 
from molecules do not possess very narrowly discrete 
energies, but rather they have bands of very closely 
spaced energies. 


If the emitted photons predominate in one portion of 
the visible color spectrum, those emissions will appear 
colored to an observer. In the illustrated below, the net 
effect of the molecular emissions would appear blue. 


— 8 «=—s (Ss 
i Blue 


Number of Photons 


Photon Energy 


An actual example of a molecular spectrum, that 
which is responsible for producing intensely red 
flames, is presented below. This is the emission spec- 
trum for molecular strontium monochloride. [SrCl'] 


Strontium Monochloride 


400 450 500 550 600 650 700 
Wavelength (nm) 
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EMISSIVITY — A measure of the efficiency of the 
emission of thermal radiation from a surface, relative 
to that of a black body at the same temperature. All 
bodies at a temperature above absolute zero emit 
thermal energy (as photons). These emissions result 
from the acceleration of electric charges close to the 
surface due to the thermal agitation of atoms or mol- 
ecules. The range of different accelerations gives rise 
to the emission of a wide spectrum of wavelengths. 


Where a prefect emitter would have an emissivity of 
1.0, a polished metal surface can have an emissivity 
around 0.2, and a piece of wood can have an emissivity 
around 0.95. 


The total radiated energy (in units of energy/unit area) 
emitted by a body is specified by the Stefan- 
Boltzmann’s law (see radiation law). 


EMPIRICAL FORMULA — See chemical formula. 

EMPTY CASING — See casing, empty. 

EMPYRION — See match, historical (Chancel). 

EMULSION — An extremely intimate mixture of two 
immiscible liquids (i.e., liquids that do not dissolve in 
each other). This can be considered a two-phase system 


in which an inner or dispersed phase is distributed in 
an outer or continuous phase (as illustrated below). 


Continuous Phase 


Dispersed Phase 


Each or either of the phases may contain dissolved 
and/or solid material. The viscosity of emulsions 
ranges widely depending on the nature of its constit- 
uents; body lotions and peanut butter are common 
examples of emulsions. 


Emulsions are described based on their constituents, by 
naming the dispersed phase as being in the continuous 
phase. For example, there are both water-in-oil and oil- 
in-water emulsions, depending on whether the water 
is the dispersed or continuous phase, respectively. 


In explosives: Emulsion explosives constitute an im- 
portant class of high explosives used in commercial 
blasting. 


EMULSION EXPLOSIVE — A water-in-oil emulsion 


where the oxidizer is a supersaturated aqueous am- 
monium nitrate solution dispersed in a continuous oil 
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(i.e., fuel) phase. The size and quantity of void spaces, 
usually provided by microballoons or microspheres, 
act to control the sensitiveness of the explosive. Low 
sensitiveness emulsion explosives are blasting agents, 
while higher sensitiveness emulsions are detonator- 
sensitive (i.e., cap-sensitive) secondary explosives. A 
formulation typical of emulsion explosives (Kubota, 
2007) is presented below. 


Ingredient Parts by Weight 


EN — Abbreviation for electronegativity. 


ENCAPSULATION — The act of enclosing a substance, 


usually small granules or powder, in a protective 
membrane or coating. 


When red phosphorus is exposed to moist air, phos- 
phoric acid can form on the surface of its particles. 
This can be especially troublesome in compositions, 
such as Armstrong’s mixture, where chlorates are also 
present. One way to avoid the problem is to use so- 
called stabilized red phosphorus, in which the parti- 
cles of red phosphorus have been coated (i.e., encap- 
sulated) with a water-resistant polymer. In this con- 
text, encapsulation may be described as stabilization. 
Another example of encapsulation is the coating of 
iron particles with linseed oil before use in firework 
fountains. Once cured, this coating protects the iron 
particles from rusting. 


ENCIRCLED DEWS -— The effect resulting from the use 


of color-changing stars that terminate their burning 
with a momentary bright, white flash of light. The 
term is most commonly used in describing Japanese 
shells, and it is said to be reminiscent of dewdrops on 
the petals of flowers. Typically, this flash of light is 
preceded by a momentary period with little or no vis- 
ible output from the stars (commonly the result of us- 
ing a layer of color-change relay). Thus, it appears 
that the shell’s performance has been completed, and 
the flash comes as a pleasant surprise ending. The 
encircled dews effect is demonstrated in the time- 
series of images shown below. 
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Photo credit: Eldon Hershberger 


On occasion, the final flash is of slightly longer dura- 
tion and produces white sparks. This is often accom- 
plished by including flake aluminum or an excess of 
atomized aluminum in the core star composition. 


END BURNING — (Also cigarette burning) — A mass of 
pyrotechnic composition that, when ignited, burns 
only from one end, such that the burning progresses 
in the direction perpendicular to the burning surface. 
Often this is accomplished simply by compacting the 
pyrotechnic composition into a tube. Another method 
of ensuring end burning is by coating a portion of the 
exterior of a solid mass of composition with an inert 
material (1.e., an ignition inhibitor). 


Some end-burning items include signal flares, smoke 
charges, firework whistles and box stars. 


END-BURNING GRAIN — See propellant grain geometry 
(rocketry). 


END-BURNING ROCKET MOTOR -— See rocket motor, 
end-burning. 


END CAP - A relatively thin piece of material formed 
to provide the closure for the ends of tubes (e.g., 
firework casings). In fireworks, end caps are typically 
made of tagboard; they may also be made of plastic. 
End caps fit over the outside end of a tube where they 
are held in position by friction or by adhesives on 
surfaces in contact with the outside of the tube as il- 
lustrated below in cross section. 
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Examples of paper end caps, ranging in size from 1- 
7/8 to 2-5/8 inches (48 to 67 mm) in inside diameter 
are shown below. Two examples of end caps in posi- 
tion over the ends of paper tubes are also shown. 


In some applications, especially for large tubes, it is 
common to position an end disk under the end cap for 
added strength (illustrated in cross section below). 


WLLL LLL LLL - 
n 


End Disk Cap 


LLL LLL LLL 


The range in size of useful plastic end caps is great. A 
plastic end cap on the end of a proximate audience 
waterfall stick is shown below (left). On the right is a 
plastic cap of the type sometimes used to cover mor- 
tars; in this case, the cap is being used for moisture pro- 
tection on a 12-inch (300-mm) buried HDPE mortar. 
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END CLOSURE -— A variety of materials used to close 
(i.e., block) the ends of tubes used in pyrotechnics. 
These include end caps, end disks and end plugs. 


END DISK — A circular piece of material that forms the 
end closure of tubes (e.g., firework casings, as used 
in aerial shells, mines and other devices), illustrated 
below in cross section. Typically, an end disk is made 
of chipboard or kraft paper with a thickness of about 
1/8 inch (3 mm). 


Casing (Tube) a 
is 


Examples of end disks, ranging in size from 3/4 to 5- 
1/2 inches (20 to 140 mm) in diameter are shown be- 
low. The end disks that are gray in color are made of 
chipboard, whereas the tan ones are made of kraft 
paper. Also, shown are some end disks with holes to 
accommodate the installation of a time fuse through 
the end disk. In these examples, the hole diameter is 
Y4 inch (6 mm). 
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ENDOTHERMIC — A process in which thermal energy 


(i.e., heat) is absorbed by a thermodynamic system 
from the surroundings. This is in contrast to exother- 
mic processes and reactions (such as pyrotechnic 
burning), in which thermal energy is released by a 
system to the surroundings. 


The science of thermodynamics was developed in the 
era of the steam engine, in the days when heat was 
thought of as a substance that could flow from one 
place to another. The basic sign conventions adopted 
in thermodynamics for heat (q) and work (w) make 
the most intuitive sense in the context of steam en- 
gines as the system. For a steam engine, one adds a 
positive quantity of heat from the surroundings to the 
system (i.e., to the engine, to produce steam), which 
increases the internal energy (U) of the system (i.e., 
the engine). The system uses its energy (i.e., the en- 
gine uses steam) to perform a positive quantity of 
work on the surroundings, which decreases the internal 
energy of the engine. The basic equation of thermo- 
dynamics is thus: 


AU =q-w 


By this convention, heat flowing into the system is a 
positive quantity and the work out of (i.e., performed 
by) the system is a positive quantity. 


For a system composed of a piece of melting ice, heat 
is flowing from the surroundings and into the system 
(i.e., the melting ice), thus constituting an endothermic 
reaction. Because this is the same direction of heat 
flow as for a steam engine, by the sign convention 
adopted for thermodynamics, this heat flowing into 
the system to melt the piece of ice is a positive quan- 
tity of heat. Conversely, for exothermic reactions 
such as burning pyrotechnics, with the heat flowing 
out of the system, that is a negative quantity of heat. 


ENDOTHERMIC REACTION — A reaction in which 


heat is absorbed from the surroundings. In the for- 
malism of chemical thermodynamics, an endothermic 
reaction has a positive enthalpy of reaction. 
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A simple example of an endothermic reaction is a phase 
change, such as the melting of ice: 


H,Ois) + heat > H20q) 


The identification of phase changes, occurring within 
pyrotechnic compositions, can be an important result 
of differential thermal analysis. 


Another example of an endothermic reaction is the 
dissolving of ammonium nitrate in water (i.e., ammo- 
nium nitrate has a positive enthalpy of solution): 


NH«sNOxs) + H2Oq) + heat > 
NH4 (aq) + NO3 (aq) 


Endothermic reactions are in contrast to exothermic 
reactions, which evolve heat. 


END PLUG (paper or plastic) — A relatively thin piece 
of material formed into the shape of a short thimble 
that is used to provide closure for the ends of tubes 
(e.g., firework casings). End plugs are typically made 
of tagboard but may be made of plastic as illustrated 
below in cross section. The term plug or end plug is 
also sometimes applied to an increment of inert mate- 
rial, such as clay, compressed into the end of a tube. 


Plug 


Examples of paper end plugs, ranging in size from 
1/4 to 2-1/4 inches (6 to 57 mm) in outside diameter 
are shown below. Also, shown are two examples of end 
plugs, in position, inserted into the ends of paper tubes. 


ET 
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Some end plugs are manufactured with one or more 
holes and can be used as Jift disks in small firework 
mines and Roman candles. 


In some applications, it may be useful to position an 
end disk against the end plug for added strength as il- 
lustrated below in cross section. 


End 
End Disk Plug 


END PLUG (other) — In addition to paper end plugs 


(and their equivalent in plastic), a number of other 
materials can be used as tube closures. Display fire- 
work mortar tubes are frequently closed with wooden 
plugs (i.e., mortar plugs). Small firework mortars 
used in consumer fireworks and in display-firework, 
multiple-tube devices are frequently closed with 
compacted clay. As alternatives to compacted clay, 
small firework items may have tube closures made 
from hot melt glue, white glue with sawdust as a filler, 
corks, plaster and similar materials. 


END SPIT (fuse) — See fuse spit. 


ENDURANCE LIMIT — A level of stress below which a 


material will not fail within a specified number of cy- 
cles when an alternating or repeating stress is applied. 
Conversely, it can be the number of cycles at a speci- 
fied level of stress that a material will withstand. 


The maximum strength of a material in response to a 
single stress event is described as its tensile strength, 
yield strength or compressive strength. 


It is critically important that things, such as firework 
mortars and reloadable rocket motor casings, not be 
exposed to conditions exceeding their endurance lim- 
it, or exceeding their tensile or yield strength. 


ENERGETIC MATERIAL — Any substance (e.g., HMX, 


TNT, nitroglycerin or nitrocellulose) or mixture (e.g., 
Black Powder, ANFO or pyrotechnic composition) 
capable of reacting chemically to produce a large and 
relatively sudden release of energy. 


ENERGY — A measure of the ability to do work (i.e., to 


exert a force over a distance). The energy within a 
closed system is constant, but it can be converted from 
one form to another. Energy can manifest itself in 
various ways, for example as heat, light, electricity and 
motion. Some units of energy are joule (J, a SI unit), 
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Multiply © To Obtain 


a) To convert units in the opposite direction, divide 
by the conversion factor instead of multiplying. 


calorie (c), British thermal unit (BTU) and foot-pound 
(ft-lb). Some conversion factors are presented below. 


kinetic energy — The energy of an object resulting 
from its motion with respect to some reference frame; 
for example, the energy of a rocket during flight. Ki- 
netic energy (Ex) of a body is: 


E, =Ya-m-v’ 
Here, m is the mass of the body and v is its velocity. 


Other examples of kinetic energy are the energy car- 
ried in the upward motion of an aerial shell after its 
firing or the energy from the motion of the stars and 
fragments of an aerial shell after it explodes. 


potential energy — The energy possessed by an en- 
tity by virtue of its position in a gravitational, electric 
or magnetic field, its constrained internal forces or its 
chemical nature. Examples of potential energy are the 
chemical energy stored in a pyrotechnic mixture or 
the mechanical energy stored in an elevated weight. 


photon energy — The energy possessed by a photon 
(Zp) is a function of its associated frequency (v) or 
wavelength (2): 


E,=h-v= he 
Here, / is Plank’s constant and c is the speed of light. 
ENERGY ABSORPTION — See absorption, energy. 


ENERGY, AVAILABLE — The energy produced by a py- 
rotechnic or explosive composition that is available to 
perform some work. One measure of this is the total 
energy produced (i.e., the enthalpy of reaction) for the 
pyrotechnic or explosive chemical reaction. The en- 
thalpy of reaction of explosives is also described as 
the heat of explosion, but with a sign change to a pos- 
itive number. 


ENERGY DISPERSIVE SPECTROSCOPY — (Abbrevi- 


ated EDS) — The analysis of the many discreetly 
emitted entities (most typically photons) using a de- 
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tector that quantifies those entities based on their en- 
ergy. Any of a number of different instruments can 
be used for EDS depending on the nature and energy 
of the entities being analyzed. Most commonly the 
instruments use a solid-state detector based on silicon 
(for X-rays) or germanium (for gamma rays). 


EDS can be divided into categories depending on the 
energy of the entities being analyzed, for example X- 
rays. 


energy dispersive X-ray spectroscopy — (Abbre- 
viated EDS or EDX) — In the context of pyrotechnics, 
EDS techniques are used to identify the chemical el- 
ements present in samples of either a pyrotechnic 
composition (or its components) or the reaction prod- 
ucts from a pyrotechnic composition. Probably the 
two instrumental EDS techniques most commonly 
used are X-ray fluorescence spectroscopy and X-ray 
EDS associated with the use of a scanning electron 
microscope (SEM) (this technique is discussed below). 


In a SEM, an electron gun produces high-energy 
electrons that are focused and precisely directed to- 
ward a target specimen in a vacuum. This primary 
electron bombardment of the atoms in the specimen 
produces low-energy, secondary electrons that are 
used to generate an image of the specimen. 


In addition to the production of secondary electrons, 
the interaction of the electron beam with the target 
specimen also produces X-rays (illustrated below). 
These X-rays are uniquely characteristic of the type 
of atoms (i.e., the chemical elements) that produced 
them. The most common method for analyzing the X- 
rays produced by the specimen is EDS. Often this uses 
a solid-state lithium drifted silicon [Si(Li)] X-ray de- 
tector. 


Electron Gun and Beam 
Control Elements 


Focused Beam of 
High Energy Electrons 


«— X-Ray 
Detector 


X-Rays 


Specimen (Target) 


A SEM with EDS capability is shown below. The 
electron gun and beam control elements are in the tall 
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structure shown in the upper left (A). Access to the 
specimen chamber is through the round port (B) at 
the base of the structure housing the electron gun and 
beam control elements. The X-ray detector and its 
supply of liquid nitrogen for cooling are in the tall unit 
(C) between the electron gun structure and the upper 
computer monitor. 


The output of the X-ray detector consists of electronic 
pulses that are proportional to the X-ray energies being 
deposited in the detector. A multichannel analyzer 
(MCA) sorts the pulses according to X-ray energy, 
and the results are stored for subsequent interpretation 
and identification of the atomic elements present in 
the portion of the specimen being analyzed. An ex- 
ample of a spectrum of the residues from a green- 
burning firework composition is presented below. 


10 20 30 40 50 £60 
Energy (keV) 


There are some limitations on the range of energies 
of the X-rays that are produced and detected using a 
SEM/EDS instrument. The maximum energy of the 
X-rays will be a little less than the energy of the pri- 
mary electron beam (which typically is 20 or 30 keV). 
As a practical matter, good X-ray yields require beam 
energy that is approximately 1.5 times the X-ray en- 
ergy. 


Further limiting the range of X-ray energy is an energy 
threshold below which the X-rays will not be detect- 
able. For instruments in which there is a vacuum- 
isolating beryllium window on the detector, this 
threshold is approximately 0.5 keV. This prevents the 
detection of the X-rays from elements below oxygen 
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in the periodic table of the elements. (As a practical 
matter, X-rays from elements below sodium are diffi- 
cult to detect using such instruments.) 


As the primary beam of electrons penetrates and in- 
teracts with the specimen, there is a loss of their ini- 
tial energy, and with that, a loss in the electrons’ ability 
to stimulate the production of higher energy X-rays. 
While the energies of the X-rays capable of being 
produced depend on the electron beam energy and 
the nature of the specimen, for the X-ray energies of 
greatest interest in pyrotechnics, the depth of interro- 
gation should be considered to be no more than ap- 
proximately 5 um. 


By analyzing the energies of the X-rays that are gen- 
erated, one can determine the identity of chemical el- 
ements in the target specimen with great specificity. 
Some of the X-ray energies of principal interest in 
pyrotechnics are presented below. 


Z X-ray Energies (keV) °° 
= [Ka _| Kor | Lor | bor | Mo 


feessssscceesafeccseuecsesecssscecbecessesessesesssedhenssasseseesecsecediersesnesecseeeete 


p= 


seseedeseeenesssceeead 


a) Only those elements producing characteristic X-rays 
with energies above 1.0 keV are listed. The elements 
are listed in order of increasing atomic number. 

b) Zis atomic number. 

c) Energies (in keV, reported to 0.01 keV) for the X-rays 

between 1 and 20 keV are most frequently used to 

identify the presence of the element. 

With an energy dispersive X-ray spectrometer, some- 

times there will be overlap of the X-rays listed, but this 

should not result in misidentification. 


d 


wa 
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ENERGY DISPERSIVE X-RAY SPECTROSCOPY — See 
energy dispersive spectroscopy. 


ENERGY FEEDBACK MECHANISM — In a pyrotechnic 
or explosive reaction, propagation of the reaction re- 
quires feedback of energy from reacting to pre-reacting 
material. Depending upon several factors, a portion of 
the released energy is lost to the environment while 
the remainder is fed back and supplies the activation 
energy needed for the reaction to propagate. 


For pyrotechnic materials, the energy being fed back as 
heat, with conduction, convection and radiation being 
the thermal energy transfer mechanisms. For materials 
undergoing detonation (i.e., high explosives), the en- 
ergy is fed back in the form of a shock wave. 


ENERGY LEVELS — Discrete allowed energy states for 
bound systems. Atoms and molecules, with their con- 
stituent electrons, are examples of bound systems and 
follow the laws of quantum theory. As such, a dis- 
crete set of allowed energies exists for an atom or a 
molecule, and these allowed energies are described as 
energy levels. The lowest energy level is described as 
the ground state, and higher levels are described as 
excited states (see below). 


> 


Excited States 


Arrows Represent 
<— Energy Transition 


Increasing Ener 


<— Ground State 


Energy Level Diagram 


Thermal energy, such as from a flame, can cause an 
atom or molecule to be raised temporarily from the 
ground state to an excited state. When the atom or 
molecule returns to the ground state, a photon can be 
emitted. That photon carries with it an amount of en- 
ergy equal to the energy difference between the two 
states. The energy of the photon (£,) is often charac- 
terized by its wavelength (4), and that relationship is 
expressed mathematically as: 


E,=h-c/A 


Here, fis Planck’s constant, and c is the speed of light. 


If the wavelength (or energy) of the photon is in the 
visible portion of the electromagnetic spectrum, it is a 
light photon. If a sufficient number of these light pho- 
tons are created, and they predominate in one part of 
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the visible light spectrum (i.e., the visible spectrum), 
the emitted light will appear colored to an observer. 


ENERGY OF ACTIVATION — See activation energy. 


ENERGY TRANSFER MECHANISM, THERMAL — See 
thermal energy transfer mechanism. 


ENGINE BLOCK, ENGINE HOOK, ENGINE MOUNT 
and ENGINE TUBE — See rocket motor mount. 


ENGINE STARTER, PYROTECHNIC — A device for 
starting an internal combustion engine by means of 
pyrotechnically-generated gas. Such devices are of 
two main types. The first type is a gas-generating car- 
tridge used to start engines by providing a burst of high- 
pressure, high-temperature gas into at least one cyl- 
inder of the engine, forcing the corresponding piston(s) 
down and thus causing the crankshaft to rotate. A 
second type of pyrotechnic engine starter uses a pyro- 
technic gas generating cartridge to drive a pyrotechnic 
motor that mechanically turns the engine to be started. 


The first type of pyrotechnic engine starter: In one 
example a blank 12-gauge shotgun cartridge is used to 


start the diesel engine of an agricultural tractor, as 
disclosed in US Patent 1,990,427 granted in 1935 to 
British inventor Samuel Horace Wright. According to 
this invention (which was implemented in the once- 
popular ‘Field Marshall’ tractors), the engine was pro- 
vided with a sealable port at the top of one cylinder of 
the engine. The port was fitted with means for inserting 
a blank 12-gauge shotgun cartridge in such a manner 
that gases ejected from the cartridge on its firing 
would enter the cylinder and force the piston down. 
This first port was sealed with a strong gas-tight cap, 
provided with a firing-pin arrangement for discharging 
the shotgun cartridge. To start the engine, the fly- 
wheel of the tractor was turned to an indicated position 
that ensured that the piston in the firing cylinder was 
at half-stroke, then the cartridge was inserted, and the 
port was closed. A piece of special paper, impregnated 
with potassium nitrate, (see touch paper) was then 
ignited and inserted into the top of the same cylinder 
through a second sealable port provided for that pur- 
pose. After quickly sealing the second port, the oper- 
ator immediately struck the firing pin on the sealing- 
cap of the first port with a hammer. This caused the 
cartridge to fire and start the engine. Starting tractors 
in this way fell from favor when advances in electric 
motors and storage batteries permitted the use of 
electric starter motors for this purpose. 


Pyrotechnic gas-generating cartridges specifically in- 
tend for starting aircraft engines were disclosed in US 
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Patent 2,195,965 granted in 1940 to Scottish inventor 
John Macfie Holm. The cartridge was intended to ini- 
tially produce a low-pressure discharge of gas, to set 
the engine gently into motion and cause the flywheel 
to be engaged. Then this was followed with succes- 
sively higher-pressure discharges of gas to increase 
the speed of rotation smoothly until starting of the 
engine was achieved. An example of such a cartridge 
is illustrated in cross-section below. 


e Pf 
VLU 


Illustration credit: US patent 2,195,965 


In the drawing, (1) is an unlined 12-gauge paper shot- 
gun cartridge, provided on one side witha vent hole (2) 
for the escape of gases generated when the cartridge 
is fired by an ordinary shotgun percussion cap (3) fit- 
ted in the usual way into the base of the cartridge. 
Upon firing, flame emerging from a flash hole (8) in 
percussion cap (3) ignites a small charge (4) of 
Schultze’s powder (see, powder type), which in turn 
ignites the first gas-generating charge that consists of 
two elements. First is a disk (5) of cordite (see 
smokeless powder type) and second is a cylindrical 
pellet (6) of a mixture of guanidine nitrate, nitrocellu- 
lose and ammonium dichromate, pelletized under pres- 
sure after being moistened with a solution of nitrocel- 
lulose in acetone. A second gas-generating charge (7) 
consists of four rods made from cordite (see smoke- 
less powder type). The cartridge case is closed by a 
cardboard disk (9) secured by a conventional turnover 
(10) of the case. Under test ina closed vessel of 400 mL 
capacity, the cartridge smoothly developed a pressure 
of 150 psi (1 MPa) over 6 seconds, from the combus- 
tion of the first charge (5 and 6). This was followed 
by development of a maximum pressure of approxi- 
mately 1700 psi (11.7 MPa) over the next 0.35 second 
as a result of the combustion of the four secondary 
charges (7). 


The second type of pyrotechnic engine starter: One 
example is the use of pyrotechnically-generated gas to 


drive a Williams and James compressed-air motor (see 
motor, pyrotechnic) acting as a starter-motor for an 
internal combustion engine. Another example is the 
use of gases from a pyrotechnic cartridge to drive a 
specially-designed linear motor, as disclosed in US 
Patent 2,005,913 granted in 1935 to American inventor 
Roscoe A. Coffman. Hot gases from a gas-generating 
cartridge force a piston forward; threads or splines on 
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the piston engage with grooves in the first of a series 
of concentric gears, thus converting the forward mo- 
tion of the piston into powerful rotary motion that is 
suitable for engine-starting. In a subsequent patent 
(US 2,293,043, granted in 1942), Coffman disclosed 
a means of operating his motor successively, by means 
of a rotatable magazine containing several electrically- 
initiated, gas-generating cartridges. Coffman’s patents 
were implemented in the ‘Coffman’ and ‘Breeze’ car- 
tridge-operated starters used to start the engines of 
military aircraft during World War IJ and afterwards. 


ENGLISH CRACKER - (Also frog, grasshopper, jump- 


ing cracker, jumping jack or rip rap) — A paper tube 
containing Black Powder that is folded back on itself 
several times and bound together, as shown below. 
Upon burning, the effect is a series of mild reports re- 
sulting from pressure building and then blowing out 
at each sharp U-turn. These items, made in various 
sizes, were sold on their own as shop goods (i.e., 
consumer fireworks) and were constituents of some 
firework mines and aerial shells. 


Photo Credit: John Bennett, Fireworks Magazine 


The earliest reference to English crackers is from the 
17" century in the United Kingdom, but they were also 
popular across Europe. This firework was withdrawn 
from pubic sale in Britain in 1975 due to several ac- 
cidents supposedly caused by the random movement 
and unpredictable flight of the cracker between re- 
ports. The Chinese continue to manufacture these 
items, but they use a short piece of visco fuse to ig- 
nite them instead of the blue touch paper traditionally 
used on English crackers. These modern items appear 
and perform much like the old English varieties. 


The construction and performance of English crack- 
ers are grossly different from those of other fireworks 
commonly also described as jumping jacks. 


ENGLISH UNIT — See unit, English. 


ENSIGN-BICKFORD FUSE — See Bickford fuse. 
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ENTERTAINMENT SERVICES & TECHNOLOGY AS- 
SOCIATION — (Abbreviated ESTA) — A trade associ- 
ation for the entertainment services and technology 
industry in North America. Its members provide 
products and services to the world of show business. 


ESTA’s Technical Standards Program (which is ac- 
credited by the American National Standards Insti- 
tute) has developed industry-accepted standards for 
chemical and cryogenic fog, haze and smoke ma- 
chines, and other standards related to special effects. 
Their standards for glycol-based and oil-based effects 
include air-quality standards for these chemicals and 
the monitoring techniques required to prevent ad- 
verse health effects from over-exposure to these 
chemicals. For more information see: www.esta.org. 


ENTHALPY — (Symbol: H or, for a change in enthalpy, 
AH) — A state function of a thermodynamic system. 
Enthalpy (A) is defined as the sum: 


H=U+P-V 


Here, U is internal energy, P is pressure and V is vol- 
ume. 


Enthalpy has units of energy (e.g., J and with chemical 
reactions commonly kJ/kg or kJ/mol). The absolute 
value of the enthalpy of a system cannot be measured, 
but the enthalpy change (AH) associated with changes 
in a system (such as when a rocket propellant is 
burned) is of great practical importance. The enthalpy 
change, when a system with an original enthalpy (41) 
changes to a final enthalpy (A), is given by: 


AH =H, -H, 
AH =AU+A(P-V) 


From the first law of thermodynamics, the change in 
internal energy (AU) of the system is equal to the 
heat (q) transferred to the system from the surround- 
ings, minus the work (w) done by the system on the 
surroundings, namely: 


AU=q-—w 
Thus, by substitution: 
AH =q-w+A(P-V) 


Chemical reactions (such as the burning of firework 
stars) are often carried out in systems open to the at- 
mosphere (1.e., under conditions of constant pressure). 
In that case: 


A(P-V)=P-AV 
and the change in enthalpy becomes: 
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AH =q-—w+P-AV 


At constant pressure, the work done by the system on 
the surroundings is simply the pressure (P) multiplied 
by the change in volume (A/): 


w=P-AV 


Therefore, at constant pressure, the change in enthalpy 
equals the heat transferred to the system: 


AH =q 


This makes the enthalpy an extremely useful function 
in chemical thermodynamics. If the enthalpy change 
is positive, as a result of the change in the system, the 
system will absorb heat from the surroundings. An 
example is the melting of sulfur (Tm = 115 °C) in 
Black Powder as it is heated in the process of its igni- 
tion. Such a process is described as endothermic, be- 
cause heat is absorbed by the system. If the enthalpy 
change is negative, as for the burning of Black Powder, 
the system will transfer heat to the surroundings. 
Such a process is exothermic (i.e., heat is released). 


ENTHALPY OF ----- — Until relatively recently, changes 
in enthalpy during a chemical reaction and a phase 
change such as vaporization, were described as heat 
of reaction, heat of vaporization, etc. Now, it is al- 
most universal in chemistry to call these same quanti- 
ties enthalpy ofreaction, enthalpy of vaporization, etc. 
Unfortunately, the fields of pyrotechnics, propellants 
and explosives have been slow to adopt the current 
terminology. For this reason, in pyrotechnics, propel- 
lants and explosives literature, it is still common to 
find the older heat of ----- terminology. 


Enthalpy of formation values found in various refer- 
ence sources, while reasonably consistent, are not in 
complete agreement. Accordingly, reported enthalpies, 
such as enthalpies of reaction that are calculated from 
enthalpies of formation, often will also not be in 
complete agreement. 


The most common types of enthalpy changes are dis- 
cussed below. 


enthalpy of reaction — (Symbol: AH;) — (Formerly 
heat of reaction) — The net enthalpy change resulting 
from a chemical reaction. That is to say, the enthalpy 
of reaction is the net energy difference between the 
reactants and products of a chemical reaction. For a 
pyrotechnic reaction to be self-sustained (i.e., for it to 
propagate burning), sufficient heat must be produced 
(i.e., 1t must be a sufficiently exothermic reaction). 


To compute the enthalpy of reaction, first write out 
the chemical equation for the reaction. Then, find the 
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enthalpy of formation values for each of the reactants 
and products. Next, after multiplying these enthalpies 
by the number of molecules (i.e., moles) of each re- 
actant and product, add the values together for all re- 
actants and for all products. Then subtract the total 
value for the reactants from the total value for the 
products. For example, for the flash powder reaction, 
aluminum [Al] and potassium perchlorate [KC1O,] 
react to form aluminum oxide [Al2O3] and potassium 
chloride [KCI], the chemical equation is: 


8 Al + 3KCIO4 > 4 AlL03 + 3 KCl 


The enthalpies of formation of the reactants and 
products are: 


aH: (kala) 


Then the calculated enthalpy of reaction is: 

AH, = [4(— 1680) + 3(— 437)] — [8(0) + 3(— 432)] kJ 
= [- 6720 — 1311] — | 1296] kJ 

(— 8031 + 1296) kJ = — 6735 kJ 

= — 6740 kJ (to 3 significant figures) 


This is the enthalpy of reaction for the chemical 
equation as written, which is for 8 moles of alumi- 
num. Ifthe enthalpy of reaction per mole of aluminum 
is desired, it is necessary to divide the above result by 
8, which then is — 842 kJ/ mol(ap. 


When all materials are in their standard state, enthalpy 
of reaction is often described as standard enthalpy of 
reaction and may be designated with a superscript zero 
(AH,’). 


When the reaction takes place under constant pres- 
sure, as for example, the reactions involved in the 
burning of an unconfined firework star, the enthalpy 
of a reaction is numerically equal to the heat released 
or absorbed in that reaction. By thermodynamic con- 
vention, if heat is released (as for an exothermic reac- 
tion), the enthalpy of reaction is a negative number, 
and if heat is absorbed (as for an endothermic reac- 
tion), the enthalpy of reaction is a positive number. 


enthalpy of combustion — (Symbol: AH.) — (For- 
merly heat of combustion) — The enthalpy of reaction 
for a combustion reaction involving the complete re- 
action of a substance with oxygen under specified 


Encyclopedic Dictionary of Pyrotechnics 


conditions. To measure the enthalpy of combustion, 
the material to be tested can be reacted with excess 
oxygen in a bomb calorimeter. 


Care needs to be taken in interpreting published values 
for enthalpy of combustion, because they are some- 
times reported as a positive number. This is especially 
common in older literature and in engineering publi- 
cations. Such enthalpy of combustion values must be 
assigned a negative sign for their correct use in ther- 
modynamic calculations. A further complication is 
that the value for compounds containing hydrogen 
will differ, depending on whether the oxidation of 
hydrogen, is assumed to produce water in the liquid 
state, or as a gas. In those cases, the difference will be 
the enthalpy of vaporization of water times the number 
of moles of water produced in the reaction. 


In addition to enthalpies of combustion being meas- 
ured experimentally, they can be calculated as the en- 
thalpy of reaction for the combustion reaction. This can 
be accomplished using tabulated enthalpies of for- 
mation, following the same method demonstrated 
above for enthalpy of reaction and adjusting as needed 
for the number of moles involved. For example, the 
enthalpy of combustion of aluminum can be calculated 
for the reaction: 


4Al + 3Q) > 2 ALO; 


The enthalpies of formation of the reactants and 
products are: 


AH; (kJ/mol) 


Aluminum [All 
Oxygen [Oz] 


sseeeeenecsneenssaseesneeabenee 


Then the enthalpy of this reaction is: 
AH, = [2(— 1680)] — [4(0) + 3(0)] kJ 
= [- 3360] — [0] kJ 
= — 3360 kJ 


This enthalpy of reaction is for the combustion of 4 
moles of aluminum. To get the enthalpy of combus- 
tion for 1 mole of aluminum, simply divide by the 
calculated enthalpy of reaction by 4: 


AH. (— 3360 / 4) kJ/mola) 
— 840 kJ/mol(Al 


When the material being combusted is a compound, 
the enthalpy of combustion is again equal to the en- 
thalpy of reaction, adjusting as needed for the number 
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of moles involved. For example, the enthalpy of com- 
bustion for antimony(III) sulfide [Sb2S3] can be cal- 
culated for the reaction: 


2 Sb2S3 + 902 > 2 Sb203 + 6 SO2 


The enthalpies of formation of the reactants and prod- 
ucts are: 


AH; (kJ/mol) 


Then the calculated enthalpy of reaction is: 
AH, = [2(— 720) + 6C 297)] — [2(— 175) + 9(0)] kJ 
[— 3222] — [— 350] kJ = —2872 kJ 


— 2870 kJ (to 3 significant figures) 


This enthalpy of reaction is for the combustion of 2 
moles of antimony(III) sulfide. To get the enthalpy of 
combustion for 1 mole of antimony(III) sulfide, di- 
vide by the calculated enthalpy of reaction by 2: 


AH. = (— 2872 / 2) kJ/mol sb2s3) 
= — 1440 kJ/mol(sb2s3) (to 3 sig. figures) 


By convention, negative values of enthalpy corre- 
spond to exothermic reactions; those in which heat is 
produced. Some enthalpies of combustion for a few 
materials (in their standard state) that are of interest 
in pyrotechnics are presented below. 


Combustion AHe 


Material Product(s) (kJ/mol) 


To convert the values in the table to kJ/kg, divide the 
kJ/mol value by the molecular (or atomic) weight of 
the material (in grams) and multiply by 1000. 


enthalpy of formation — (Symbol: AHs) — (For- 
merly heat of formation) — The enthalpy change in pro- 
ducing one mole of a compound from its constituent 
elements. Thus, enthalpy of formation is a special 
case of the enthalpy of reaction. When all materials 
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are in their standard state, enthalpy of formation is 
often described as the standard enthalpy of formation 
and is designated with a superscript zero in its sym- 
bol, AH?’. 


By definition, the enthalpy of formation is zero for pure 
elements in their standard state. Thus, because en- 
thalpies are state functions, the enthalpy of formation 
can frequently be determined experimentally in a 
simple synthesis reaction in which the enthalpy of re- 
action is measured. For example, carbon dioxide can 
be synthesized by the reaction of carbon and oxygen: 


C+Q, 3 CO; 


In this case, the enthalpy of formation of carbon di- 
oxide is equal to the enthalpy of reaction. In more 
complex cases, the enthalpy of formation can be cal- 
culated using Hess’ Law and various known en- 
thalpies of formation and enthalpies of reaction. 


Some enthalpies of formation for a few materials (in 
their standard state) that are of interest in pyrotechnics 
are presented below. Values for many other chemicals 
can be found in the specific entries in this text for 
those chemicals. 


AH« (kJ/mol) 


enthalpy of transition — (Symbol: AH;) — (Also la- 
tent heat) — The change in enthalpy that accompanies 
a phase change of a substance (e.g., changing from a 
solid to a liquid) or phase transition of a solid sub- 
stance (i.e., from one crystalline form to another). For 
enthalpies of transition, it is customary to identify the 
change of state involved, for example the enthalpy of 
fusion, the enthalpy of sublimation or the enthalpy of 
vaporization. 


In performing thermodynamic calculations with pyro- 
technic materials that are not in their standard state, it 
is necessary to take into account enthalpies of transi- 
tion between the standard state of a chemical and its 
actual state. This situation arises, for example, when 
calculating flame temperature, because the species 
existing in the flame are not in their standard states. 
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A few enthalpies of transition are presented below. 


Here, s = solid, | = liquid, g = gas, and Sa and sg are dif- 
ferent solid-state phases. 


By convention, negative values are exothermic trans- 
formations and positive values are endothermic trans- 
formations. When considering transitions that are the 
reverse of those in the above table, the enthalpy 
change has the opposite sign (e.g., see the transitions 
shown for water in the table). 


enthalpy of fusion — Enthalpy of transition in which 
the transition is a change between solid and liquid 
phases. 


enthalpy of sublimation — Enthalpy of transition in 
which the transition is a change between solid and gas 
phases, without melting. 


enthalpy of vaporization — Enthalpy of transition in 
which the transition is a change between liquid and gas 
phases. 


ENTROPY — (Symbol: S or, for a change in entropy, 
AS) — A thermodynamic state function of a system 
indicating the extent to which the internal energy of a 
system is not available to perform work. The word 
entropy comes from a Greek word meaning transfor- 
mation or change. This is because the change in en- 
tropy provides one indication of whether the system 
will spontaneously undergo a specific change. For 
example, the change in entropy (AS) along with the 
change in enthalpy (AH) will indicate whether a py- 
rotechnic reaction can proceed. 


In this context, the word spontaneous means some- 
thing different from its normal usage. Ordinarily, 
spontaneous means something that is unplanned and 
often unexpected. In thermodynamics, it means that it 
will happen if conditions are right. How fast it will 
happen, is a separate and independent issue not asso- 
ciated with spontaneity. Pyrotechnic reactions are all 
spontaneous in the thermodynamic sense, but fortu- 
nately, almost none of them are spontaneous in the 
ordinary sense of the word. 


Entropy defined: To define entropy, it is useful to 
begin with a discussion of changes in internal energy 


Encyclopedic Dictionary of Pyrotechnics 


that occur for a system. For any process, the change 
in internal energy (AU) is described by the first law 
of thermodynamics: 


AU =q-—w 


Here, g is the heat absorbed into the system and w is 
the work done by the system. 


The amount of work that is accomplished as a result 
of a change in a system from an initial state to a final 
state is not invariant but depends on exactly how that 
change occurs. The maximum amount of work that 
can be done by a system in a change between the two 
states is the work (wey) that is done when the change 
occurs as a result of a fully reversible process. (A re- 
versible process is only theoretical, to the extent that 
it is one in which all change takes place infinitely 
slowly, so that the system is in equilibrium at each tiny 
step in the process.) 


Just as the amount of work done during a reversible 
process is the maximum possible, the amount of heat 
absorbed also is the maximum possible. Thus, in a 
reversible process, in taking a system from one state 
to another, the first law of thermodynamics becomes: 


dU =dq,,, —dw 


rev 


In this context, the symbol d (for derivative) means a 
very small (i.e., infinitesimal) change in the quantity 
that follows it. (The concept of derivatives is from 
calculus.) 


The heat is absorbed by the system at a specific tem- 
perature (T). Because dq;ey is extremely small, T can 
be taken as constant over the time taken for each tiny 
step. The ratio dq,e/T for every tiny step, during the 
much larger change from an initial state (denoted as 
1) to a final state (2), leads to the definition of the 
state function described as entropy (S). The change in 
entropy (AS) for this system is defined as: 


2 
Dre 
AS=S,-S,=(d2= 
[oF 


(The integral sign i) in this equation is simply an in- 
struction to add all of the extremely small quantities 
that follow.) Stated in words, the right-hand side of the 
equation means to sum the ratio dq,,,/T for every 


tiny step in the process, starting at state 1 and eventu- 
ally ending at state 2. 


Entropy and spontaneous change: It is a common 
experience that spontaneous processes in the real 


world proceed only in one direction. For example, 
once a pyrotechnic composition is ignited, chemical 
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reactions spontaneously occur that convert the com- 
position into the products of combustion. It never 
works the other way around; the smoke and flame 
never spontaneously collect back together with the 
ash and chemically recombine to form the unburned 
pyrotechnic composition. While the example of the 
direction of spontaneous change of a burning pyro- 
technic composition is obvious based on common 
experience, in other cases, the direction of spontane- 
ous change is not obvious. 


The principal value of the concept of entropy is that 
the direction of spontaneous change in the real world 
can be predicted from the entropy change. Change 
always occurs in such a way that the entropy of the 
thermodynamic universe increases. This is one way 
of stating the second law of thermodynamics. (In 
thermodynamics, the word universe means the sys- 
tem of interest plus everything else. The universe can 
be the system and only its immediate surroundings, 
provided they are totally isolated from external influ- 
ences. As a practical matter, a thermodynamic uni- 
verse could be a piece of experimental apparatus en- 
closed in a well-insulated box.) 


If one were to calculate the change in entropy of the 
universe for the burning of a pyrotechnic composi- 
tion, it would be discovered that the entropy of the 
universe had increased in the process. Were the re- 
verse process to occur, the entropy of the universe 
would decrease, which is a violation of the second 
law of thermodynamics. 


It might seem very difficult to calculate the change in 
the entropy of the universe, but in fact it is easily done, 
given the change in enthalpy (AH) and the change in 
entropy (AS) of the system of interest. If the system 
undergoes a change in enthalpy AH, then the change 
in entropy of the surroundings will be — AH’ / T, where 
T is the temperature. The change of entropy of the 
system plus its surroundings will, therefore, be AS — 
AH /T.To determine whether this change is positive, 
it is convenient to note that temperature is always 
positive, and therefore the total change in entropy will 
be positive if T-(AS —AH/T) is positive. In other 
words, a process will be thermodynamically sponta- 
neous if the quantity (T-AS — AH) is positive. For his- 
torical reasons, it is normal to express this equivalently 
as the quantity (AH — T-AS) being negative. The 
quantity (AH — T-AS) is the change in Gibbs Free 
Energy, with the symbol AG. Accordingly, a chemical 
reaction will occur spontaneously if the following re- 
lationship is negative: 


AG=AH —T-AS 


Page 430 


When there are multiple ways in which a chemical 
reaction might occur, nature chooses the way in 
which the change in free energy (AG) is the most 
negative or, more fundamentally, the way in which 
the change in the entropy of the system and its sur- 
roundings is the greatest. This concept is the basis 
used by thermochemical modeling codes to predict 
the products of a chemical reaction. 


Entropy and disorder: Entropy, as discussed above, is a 
rather abstract concept. It is not at all obvious why the 
ratio of heat absorbed in a reversible process to the 


temperature at which the absorption occurs (dq, /T ) 


should be associated with the direction of spontaneous 
change in the real world. The situation becomes 
somewhat more intuitive when one considers what 
molecules are doing over the course of spontaneous 
changes. It is possible to express the second law of 
thermodynamics crudely, but fairly accurately, as — 
moving molecules are always getting into a bigger 
mess. This then implies that increasing entropy is a 
measure of the increasing amount of molecular disor- 
der (mess) that occurs during spontaneous processes. 


Consider the example of filling an auto airbag. In this 
case, a chemical reaction produces gas (usually nitro- 
gen), which expands to fill the airbag quickly enough 
to offer a substantial degree of protection to the oc- 
cupant of the vehicle during a crash. Once the reac- 
tion is initiated, the nitrogen atoms, starting as part of 
the solid airbag composition, are converted to nitrogen 
molecules, and these form a gas that completely fills 
the airbag. Thus, nitrogen spontaneously went from a 
highly ordered state (condensed matter, with low en- 
tropy) to a highly disordered state (expanded gas, 
with high entropy) occupying very much greater vol- 
ume. In this spontaneous process, the system under- 
went a great increase in disorder (characterized as a 
great increase in entropy). As always, the airbag pro- 
cess only spontaneously works in one direction, that 
in which there is an increase in entropy. 


Natural processes: How natural processes occur, and 
indeed whether they will occur at all, is understandable 
from the laws of thermodynamics. For a process to 
occur naturally (spontaneously): (1) the total amount 
of energy in the universe must stay the same, and (2) 
the total amount of entropy in the universe must in- 
crease. The first of these constraints is a statement of 
the first law of thermodynamics, while the second is 
a statement of the second law of thermodynamics. 
Most recently, given our limited understanding of 
many aspects of the cosmological universe, the words 
‘an isolated system’ are sometimes substituted for the 
word universe in the two statements above. There is, 
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however, no reason to expect that the statements 
would not apply to the cosmological universe. 


ENVELOPED STAR — See aerial shell name and de- 
scription (specific) (enveloped star). 


ENVELOPE, FLAME -— See flame. 


ENVIRONMENTAL CHAMBER -— A chamber in which 
conditions, such as some combination of humidity, 
temperature, pressure, noise and movement, can be 
controlled to simulate different physical environments. 
Such chambers are used for testing such things as the 
stability of pyrotechnic compositions and devices. 


ENVIRONMENTAL EFFECT ON BURN RATE — See 
burn rate, factor affecting. 


ENVIRONMENTAL PROTECTION AGENCY (US) — 
(Abbreviated EPA) — A US government agency that 
regulates the release or disposal of all hazardous ma- 
terials. For more information see: www.epa.gov. 


ENVIRONMENTAL TESTING — The exposure of test 
devices to various mechanical, thermal or chemical 
conditions. Environmental testing may include, but 
does not necessarily imply, testing for toxic pollu- 
tants or other adverse effects. 


EOD - Abbreviation for explosive ordinance disposal. 
EOS — Abbreviation for equation of state. 
€p — The symbol for probable error. 


EPA — Abbreviation for the Environmental Protection 
Agency (US). 


EPCRA -— Abbreviation for the Emergency Planning 
and Community Right-To-Know Act (US). 


EPOXIDE — A class of organic 
compounds in which an oxygen 
atom bridges two carbon atoms 
that are also bonded together. 
Epoxides can be thought of as cyclic ethers. 


Epoxide 


Epoxides are important as components of epoxy resins. 
EPOXY — Any of a number of high-strength adhesive 
systems based on epoxy resins. 


epoxy cement — A class of adhesives based on 
epoxy resins. Epoxy cement is supplied as two com- 
ponents, each consisting of a viscous liquid. One 
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component is partially polymerized epoxy resin; the 
other contains a compound with substituted amine 
groups. The two components are mixed immediately 
before use. This starts the reaction that cross-links the 
epoxy resin into a strong, stable polymer. Epoxy ce- 
ment adheres to almost anything, including glass, 
wood, fabric, metal and most plastics; it also fills 
gaps well. Many different epoxy cement formulations 
are available, differing in curing time, flexibility and 
other characteristics. 


epoxy resin — A class of synthetic polymers based 
on the co-polymerization of an epoxide (usually 1- 
chloro-2,3-epoxypropane, commonly described as 
epichlorhydrin) and 2,2-(4,4-dihydroxy-diphenyl) 
propane, commonly described as bis-phenol A: 


bis-phenol A 


The resulting polymer has chains terminating in 
epoxide groups. 


Epoxy resins, having relatively short polymer chains, 
are viscous liquids, described as pre-polymers. The 
chains can be cross-linked by reaction with a sub- 
stance that contains amine groups [—NH2] or substi- 
tuted amine groups. The cross-linked polymer is very 
strong and stable. 


Epoxy resins are used in epoxy cement. They have 
been used as binders in pyrotechnics but have the 
disadvantages of high cost and being very difficult to 
remove once they have polymerized. 


EPROUVETTE — An instrument used in the past to 
evaluate the performance of Black Powder. The term 
is derived from the French ‘éprouver’ meaning to test 
or try. There are two basic types of eprouvettes. 


Pistol type: This version of the device is shown be- 
low. It has a short barrel (A) that is loaded with the 
test charge of Black Powder. 
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The barrel is closed by releasing a rotating spring- 
loaded baffle (B, shown partially open). The charge of 
Black Powder is initiated by a trigger action that re- 
leases the éprouvette’s hammer (C) to impact a stand- 
ard percussion primer (see primer, small-arms), which 
flashes into the rear end of the barrel (i.e., powder 
chamber). Upon firing, the combustion gases produced 
force back the spring-loaded baffle (B), which is then 
kept from closing again by a ratchet (D). The degree of 
violence of burning of the Black Powder determines 
the extent to which the baffle has been forced back 
and is a measure of the effectiveness of the powder. 


Mortar type: An early ver- 
sion of this type of éprou- 
vette is illustrated at the 
right. The hinged lid (A) of 
the mortar (B) would be 
raised, the powder sample 
would be loaded into it and 
the lid closed again. When 
the powder was ignited 
through a small hole (C) in 
the side of the mortar, the 
gas produced would quick- 
ly raise the lid, which 
would be caught and held in 
position by the ratchets 
above. The extent to which the lid opened was a 
measure of the performance of the powder. 


Illustration Credit: Bate, 1654 


EQUAL ENERGY ILLUMINANT — See i//uminant, equal 
energy. 


EQUATION OF MOTION — A set of equations that de- 
scribe the motion of a body (or a point in space) as a 
function of time when both the initial position and in- 
itial velocity are known. The use of equations of mo- 
tion is the basis for all forms of ballistics modeling, 
including that for firework aerial shells and model 
rockets. 


EQUATION OF STATE — (Abbreviated EOS) — A rela- 
tion between state functions in physics and thermo- 
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dynamics. An example of an equation of state is the 
ideal gas law, which describes the behavior of an ide- 
al gas (and most real gases at pressures less than 100 
atmospheres) with respect to the pressure (P), volume 
(V) and temperature (7): 


PV =nRT 


Here, is the quantity of gas in moles, and the con- 
stant (R) is the gas constant. 


EQUATION, RANKINE-HUGONIOT — See Rankine- 


Hugoniot equation. 


EQUILIBRIUM — A state of balance (i.e., stable and not 


changing). 
chemical equilibrium — See chemical equilibrium. 


stable equilibrium — 
An equilibrium condi- 
tion corresponding to 
lowest possible energy 
state of a system, such 
as suggested in the il- 
lustration at the right. 
Such a system is stable 
even when subjected to large-scale perturbations. 


Stable Equlibrium 


Potential Energy 


Displacement 


For a simple physical example of stable equilibrium, 
consider a marble in a round bottomed bowl with 
very high sides. When the marble is stationary in the 
very bottom of the bowl, it is in the lowest energy 
state. Each time the marble is displaced from the bot- 
tom of the bow]; it will roll back toward the bottom. 
Then after a period of rolling back and forth, the 
marble will eventually come to rest again in its equi- 
librium position, at the very bottom of the bowl. 


For a chemical example, the products of burned 
Black Powder are in stable equilibrium because, once 
they have cooled and expanded, they are in their lowest 
energy state. This is much the same for explosives in 
general. 


metastable equilibri- 
um — A system that is 
stable with respect to 
small-scale perturbations, 
but which is unstable with 
respect to sufficiently 
large-scale perturbations, 
as suggested in the illus- 
tration at the right. 


Metastable Equlibrium 


Potential Energy 


Displacement 


For a simple physical example of metastable equilib- 
rium, consider a marble resting on an object with the 
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same general shape is in the above illustration. When 
the marble is stationary in the very bottom of the ob- 
ject’s depression, it is in the lowest local energy state, 
but not the lowest possible energy state. In this case, 
each time when the marble is displaced a small dis- 
tance from the bottom of the depression in which it 
resides, it will roll back toward the bottom, and even- 
tually come to rest in its original (i.e., metastable) po- 
sition in the depression. However, if the marble is 
displaced sufficiently far from the bottom of the de- 
pression (further than the peaks to the right or left), it 
will continue rolling to the right or left until it reaches 
another significantly lower energy state. 


For a chemical example, consider a substance with 
stored potential energy such as Black Powder, which 
can be stable over very long periods of time (certainly 
hundreds of years). When the temperature of Black 
Powder is increased to several tens of degrees above 
room temperature, nothing happens to it; it retains its 
stored potential energy, and if left alone, it will cool 
back to room temperature. However, once the Black 
Powder has been raised to its ignition temperature, it 
inflames and releases its stored energy. The chemical 
products of this combustion are referred to as being 
stable rather than metastable, because they no longer 
store potential energy and (after cooling and expand- 
ing) are now in their lowest energy state. 


unstable equilibrium 
— An equilibrium condi- 
tion in which the slightest 
perturbation from the ini- 
tial state spontaneously 
results in a greater devia- 
tion from the initial state, 
as suggested in the illus- 
tration at the right. 


Unstable Equlibrium 


Potential Energy 


Displacement 


For a physical example, consider a marble resting on 
the bottom of an upside-down round bottom bowl. 
With superhuman ability, one could theoretically place 
the marble on the precise center of the bowl, and it 
would remain in position indefinitely, providing it 
was not physically disturbed in any way. However, if 
the marble is displaced even very slightly from its 
initial position, the marble will then continue to roll 
away in the same direction as its initial displacement. 


dynamic equilibrium — An equilibrium state involv- 
ing two or more active processes tending to balance 
each other such that the collective result is no net 
change to the system. An example of a system in dy- 
namic equilibrium is a reversible chemical reaction in 
which there is no net change in the concentration of 
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reactants or products over time (see chemical equilib- 
rium). 


For a physical example, consider a bucket, with water 
from a hose being added to the bucket, but there is a 
hole in the bucket through which water is leaking out. 
When water is being added at the same rate at which 
it is leaking out, that is an example of dynamic equi- 
librium. The amount of water in the bucket is un- 
changing, but is it is not because nothing is happen- 
ing; rather it is because the two active processes are 
occurring in balance. 


EQUILIBRIUM FLOW - See flow type (rocketry). 


EQUIVALENCE RATIO — The fuel to oxidizer ratio of a 


pyrotechnic composition divided by the fuel to oxi- 
dizer ratio for a stoichiometric composition of the 
same ingredients. For example, many theatrical flash 
powders are very fuel-rich and may have an equiva- 
lence ratio of more than 2. This is in contrast with 
firework flash powders, which are nearly stoichio- 
metric, with equivalence ratios near 1. Pyrotechnic 
compositions with equivalence ratios differing much 
from | have significantly lower reaction rates. 


To some extent, the equivalence ratio of a pyrotechnic 
material is equivalent to oxygen balance for high ex- 
plosives. 


EQUIVALENT EXHAUST VELOCITY — See exhaust ve- 


locity (effective exhaust velocity). 


EQUIVALENT WEIGHT — (Abbreviated EW) — The 


concept of equivalent weight has mostly been re- 
placed by molecular weight; it is still occasionally 
used in analytical chemistry, especially by elderly 
chemists. It may be used in acid/base titrations, 
where the equivalent weight (EW) of an acid or base 
is its molecular weight (MW) divided by the number 
of moles of available acid [H*] or base [OH ]. For 
example, the EW of hydrochloric acid [HCl] is its 
MW divided by 1; for sulfuric acid [H2SO.], its MW 
is divided by 2; and for phosphoric acid [H3PO,], its 
MW is divided by 3. Similarly, for sodium hydroxide 
[NaOH], its MW is divided by 1 and for calcium hy- 
droxide [Ca(OH),], its MW is divided by 2. For oxi- 
dation-reduction reactions, EW is MW divided by the 
number of electrons gained or lost by the reagent in a 
specific reaction. The fact that the equivalent weight of 
the same substance can be different from one reaction 
to another can be confusing, and this is why the con- 
cept is no longer as widely used as was in the past. 


EROSION, GUN -— See gun erosion. 
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EROSION, NOZZLE — The wearing a way of material in 
the throat area of a rocket motor nozzle due to the 
high temperature and velocity of exhaust gases. Such 
degradation is most common in high-power rocket 
motors. 


Nozzle erosion is sometimes used in conjunction with 
grain geometry to achieve a desired thrust profile 
(i.e., thrust as a function of time curve). For example, 
a slightly progressive grain geometry combined with 
the effect of an eroding nozzle may produce a rela- 
tively neutral thrust profile. 


Graphite nozzles are usually only minimally affected 
by erosion with most of the propellants used in high- 
power rocketry. Surprisingly, some low temperature 
propellants, (e.g., Black Powder) with a large amount 
of condensed species in their exhaust products may 
produce more severe nozzle erosion than many higher 
temperature composite propellants. Some rocket ex- 
haust products, which are solids at room temperature, 
may be liquid under exhaust conditions and may in- 
duce greater nozzle erosion than expected. 


EROSIVE BURNING — See propellant burning, type of. 


ERROR (statistics) — The difference between the true, or 
theoretically correct, value and a computed, estimated, 
measured or observed value. 


ESCAPE VELOCITY — The minimum velocity, in space, 
of a rocket or projectile if it is to escape permanently 
from the earth’s gravitational field. 


ESD -— Abbreviation for electrostatic discharge, elec- 
trostatic dissipative and emergency shutdown. 


ESD CONDUCTIVE EQUIPMENT -— See safety equip- 
ment. 


ESD SENSITIVENESS — See ignition sensitiveness 
(electrostatic discharge sensitiveness). 


ESD TESTING - See electrostatic discharge testing. 


ESTA — Abbreviation for Entertainment Services & 
Technology Association. 


ESTER (chemistry) — A class of organic compounds 
formed by the condensation reaction of an organic 
molecule containing at least one hydroxyl group 
(e.g., an alcohol) and an acid (either an organic or an 
inorganic acid). The result is the production of an es- 
ter and a water molecule. 
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For organic acids: Carboxylic 
acid (as shown at the right) is 
commonly used in esterification 
reactions. 


Here, the R of the carboxylic ac- 
id may be any hydrocarbon or 
substituted hydrocarbon group. Also, commonly used 
in these esterification reactions 
are alcohols [R'-OH], where R' 
may be any alkyl group or sub- ( - 
stituted alkyl group. In the reac- a0 
tion, a hydrogen atom and one |-—~__— i 
hydroxyl group are shed as a 
water molecule, as the remain- | Catboxylic acid 
der of the carboxylic acid and 

alcohol link to form the ester: 


This type of ester is important in solvents such as 
ethyl acetate (made from ethanol and acetic acid). 


For inorganic acids: Some of the most important high 
explosives are examples of esters formed by the reac- 
tion of nitric acid (as mixed acid) and an organic mol- 
ecule containing one or more hydroxyl groups. (This 
O-nitration process is described in the entry nitration.) 


For nitroglycerin (i.e., trinitro-glycerol), all three hy- 
droxyl groups in the parent polyalcohol (i.e., glycerin) 
have been esterified, with the hydrogen atom replaced 
by a nitro group [-NO>]. Each hydroxyl group [—-OH] 
has become a nitrate group [-O—NO,] in the process. 


nitroglycerin 


Other similarly produced nitrate esters are nitrocellu- 
lose and PETN (i.e., pentaerythritol-tetranitrate). 


ETHANEDIOATE — See oxalate ion. 
ETHANEDIOIC ACID — See oxalic acid dihydrate. 


ETHANEDIOIC ACID DISODIUM SALT — See sodium 
oxalate. 


1,2-ETHANEDIOL DINITRATE — [C2H4N20¢] — {CAS 


628-96-6} — (Abbreviated EGDN) — (Also ethylene 
glycol dinitrate, glycol dinitrate, ethylene dinitrate, 
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ethylene nitrate, 1,2-bis(nitrooxy)ethane, nitroglycol, 
ethanediol dinitrate or dinitro-glycol) 


1,2-ethanediol dinitrate is a liquid, aliphatic high ex- 
plosive with properties similar to nitroglycerin. It has 
been used in the manufacture of explosives to lower 
the freezing point of nitroglycerin used in the produc- 
tion of straight dynamite for use in colder weather. 
1,2-ethanediol dinitrate is one of four possible detec- 
tion taggant chemicals that must be added to plastic 
explosives under the 1998 International Civil Avia- 
tion Organization’s “Convention on the Marking of 
Explosives for the Purpose of Identification”. It is a 
colorless to yellow, oily liquid. 


Structural formula: 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 
b) Confined at a density of 1.49 g/cm?. 


Hazard: Explosive. 


Health information: TLV-TWA: 0.05 parts per million; 
absorbs through the skin. 


Hazard classification: forbidden to ship. 


ETHANOL — [C2H,O] — {CAS 64-17-5} — (Abbreviated 
EtOH) — (Also ethyl alcohol, grain alcohol or spirits 
of wine) 


Ethanol is a low-toxicity alcohol used as a flammable 
solvent for some non-aqueous binders in pyrotechnics. 
Itis the physiologically active component of alcoholic 
liquors; for industrial use, it is often denatured by the 
addition of a small amount of a toxic chemical, which 
renders it unsuitable for human consumption. Ethanol 
is aclear, colorless, volatile liquid with a weak ethereal, 


vinous odor. 
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Structural formula: 


ETHER (chemistry) — A class of or- 


a) Code for reference source, see preface. 

Health information: TLV-C: 1000 parts per million; 
IARC-1: carcinogenic (as ethanol in alcoholic bever- 
ages). 

UN_hazard_ classification: PSN: ethanol; HC: 3 — 
flammable liquid (UN1170). 


ETHANOL HOMOPOLYMER - See polyvinyl alcohol. 


ganic compounds containing an ox- 
ygen atom between two carbon at- 
oms of two alkyl groups [R and R'] 
as shown at the right. The name 
ether is commonly applied to dieth- 
yl ether, where R and R' are both ethyl groups. 


Low molecular-weight ethers tend to be flammable 
and volatile, a dangerous combination. Also, they can 
form polymeric, explosive ether peroxides on expo- 
sure to air. These peroxides are extremely sensitive to 
friction and are brisant. Their formation has resulted 
in fatal accidents; industrial use of such ethers should 
be avoided where possible. 


ETHER, DIETHYL — [C2Hs—O—C2Hs] — {CAS 60-29-7} 


— (Also ether, ethyl ether, 1,1'-oxybisethane or ethox- 
yethane.) 


An organic solvent used historically in a mixture with 
ethanol in the manufacture of collodion and some 
smokeless powders. Diethyl ether is an extremely 
flammable, colorless liquid, with a strong characteris- 
tic sweetish odor. The commercial product may con- 
tain 2,6-di-tert-butyl-4-methylphenol as a stabilizer, 
to inhibit the formation of explosive peroxides on ex- 
posure to air. 
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UN hazard classification: PSN: ethyl acetate; HC: 3 — 
flammable liquid (UN1173). 


Characteristic | Value | _@) | 


ETHYL ALCOHOL — See ethanol. 


ETHYL CENTRALITE — [Ci7H20N20] — {CAS 85-98-3} 
— (Also 1,3-diethyl-1,3-diphenylurea, carbamite or 
diphenyl diethyl urea) — A common stabilizer, plasti- 
cizer and coolant used in gun-propellant composi- 
tions. It is a white, crystalline powder when pure; 
commercial samples may be pale gray. 


Structural formula: 
a) Code for reference source, see preface. 


b) http://www.chemicalbook.com/ChemicalProductPropertyENCB6853949.htm 
c) https://fscimage.fishersci.com/msds/90868.htm, 
d) http://webbook.nist.gov/cgi/cbook.cgi?ID=C60297&Mask=2 


Health information: PEL-TWA: 400 parts per million. 


Diethyl ether is extremely flammable as a liquid and 
vapor, and its vapor may cause a flash fire. Diethyl 
ether will readily ignite at room temperature. It may 
form explosive peroxides. Breathing its vapors causes 


ETHYLENE-DINITRAMINE — [C»H¢N404] — {CAS 505- 
71-5} — (Abbreviated EDNA) — (Also N,N'-dinitro- 
ethylene-diamine or N-(2-nitramidoethyl])-nitramide) 


drowsiness, dizziness and may lead to loss of con- 
sciousness. Diethyl ether is harmful if swallowed and 
may be absorbed through the skin in harmful amounts. 


UN hazard classification: PSN: diethyl ether; HC: 3 — 
flammable liquid (UN1155). 


ETHYL ACETATE — [C4HsO2] — {CAS 141-78-6} — 
(Also acetic ether, acetoxyethane, ethyl acetic ester, 
ethyl ethanoate or vinegar naphtha) 


Ethyl acetate is a highly flammable solvent. It is a 
colorless, fragrant liquid. 


Structural formula: 


Characteristic | Value [ia 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 400 parts per million. 
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ETHYLENE 


Ethylene-dinitramine is a solid, aliphatic high explo- 
sive. It is highly stable, has low sensitiveness and has a 
high detonation velocity. Mixtures of ethylene- 
dinitramine and trinitro-toluene are known as Ednatol. 


Structural formula: 


cteristi | Value [| 
| | 


(d) = decomposes. 
a) Code for reference source, see preface. 
b) Confined at a density of 1.65 g/cm?. 


Hazard: Explosive. 
Health information: TLV: none established. 
DINITRATE, ETHYLENE-GLYCOL- 


DINITRATE and ETHYLENE NITRATE — See /-2- 
ethanediol dinitrate. 


ETHYL ETHANOATE -— See ethyl acetate. 


Encyclopedic Dictionary of Pyrotechnics 


ETHYLHEXYL ADIPATE — [C22H420,] {CAS 103-23-1} 
— (Also bis(2-ethylhexyl) adipate, dioctyl adipate or 
di(2-ethylhexyl) adipate) 


The common name for this chemical is dioctyl adipate 
(abbreviated DOA). It is a light-colored, oily liquid 
that is commonly used as a plasticizer in composite 
rocket propellants (1.e., plastisols and butadienes). 


ETHYLHEXYL PHTHALATE — [C24H3g04] {CAS 117- 
81-7} — (Also bis(2-ethylhexyl) phthalate, dioctyl 
phthalate) 


This compound is an ester, the product of the reaction 
of octyl alcohol and phthalic acid. It is a plasticizer 
that has been suggested for possible use in propel- 
lants. The common name for this chemical is dioctyl 
phthalate (abbreviated DOP). 


ETHYL METHYL KETONE — See 2-butanone. 


ETHYL METHYL KETONE PEROXIDE — See 2- 
butanone peroxide. 


ETHYNE — See acetylene. 
ETOH -— Abbreviation for ethanol. 
EU — Abbreviation for the European Union. 


EUROPEAN STANDARD — A standard (EN14035) for 
consumer fireworks in the European Union. 


EUTECTIC and EUTECTIC MIXTURE — A mixture of 
two or more materials that has the lowest melting 
point of all mixtures of those same materials. The 
temperature where the phases simultaneously crystal- 
lize from a molten liquid solution is described as the 
eutectic temperature. For example, the alloy of mag- 
nesium [Mg] and aluminum [AI] (described as mag- 
nalium) with a weight ratio of approximately 67% 
Mg and 33% AI produces an alloy with a melting 
point of 437 °C, which is the lowest melting point of 
any magnalium alloy. The melting points of magne- 
sium and aluminum are 649 and 660 °C, respectively. 


EUTECTIC POINT — The lowest temperature at which 
two or more substances can form solid solutions that 
can be maintained in a uniform liquid state or phase. 
As such, it is the lowest melting or freezing point of 
an alloy of two or more metals. 


EUTECTIC REACTION — An example of an alloying 


reaction that occurs in forming a eutectic mixture 
from its constituents. 
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EUTECTIC TEMPERATURE — The temperature where a 


eutectic mixture transitions between liquid and solid 
phases (i.e., its melting point). For example, the eu- 
tectic temperature for magnalium alloys is 437 °C, 
whereas the melting points of magnesium and alumi- 
num are 649 and 660 °C, respectively. 


eV — See electron volt. 


EVAPORATION — (Also vaporization) — The physical 


process by which a liquid is transformed to the gase- 
ous state; it is the opposite of condensation. 


According to kinetic theory, evaporation occurs when 
liquid molecules near the surface are moving in the 
proper direction and acquire enough kinetic energy to 
overcome the liquid-phase intermolecular forces. 
Since kinetic energy is proportional to temperature, 
evaporation occurs more quickly at higher tempera- 
tures. 


Heat energy is lost from an evaporating liquid, thus if 
no heat is added externally, the liquid always cools. 
This is the principle behind evaporative cooling. The 
heat removed in this manner is described as the en- 
thalpy (i.e., heat) of vaporization (see enthalpy of 
transition). 


The physical process by which a solid is transformed 
to the gaseous state, without first becoming liquid, is 
described as sublimation. 


EVERLASTING MATCH — See match, repeatedly- 


ignitable. 


EW — Abbreviation for equivalent weight. 


EXCITATION — An increase in the internal energy of a 


system above an arbitrary base level. In quantum me- 
chanics, an excited state is any state that has energy 
greater than the lowest possible energy state (which is 
described as the ground state). Excitation of an atom 
or molecule is often caused by a collision with another 
particle. The energy available in such a collision de- 
pends on the temperature, and consequently the extent 
of excitation is greater at higher temperatures. The re- 
lationships involved in the excitation of atoms or 
molecules can be summarized by the equation: 


Nex = A‘Nore &** 


Here N., is the number of atoms or molecules of a 
particular substance that are in the excited state, No is 
the number of atoms or molecules of the same sub- 
stance that are in the ground state, E is the excitation 
energy per atom or molecule, & is Boltzmann’s con- 
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stant and T is the temperature. The constant of pro- 
portionality A depends on the specific atoms, mole- 
cules and excited states. 


The excitation energy can also be supplied by an in- 
teraction of the ground-state species with a photon, as 
in atomic absorption. 


EXCITATION TIME — The period during which current 
must be applied to an electroexplosive device (e.g., 
an electric match) to ensure it explodes. 


EXCITED ATOM — An atom that is not in its lowest en- 
ergy state (i.e., ground state). At least one of its 
bound electrons is in an excited state, occupying an 
orbital of higher energy. 


EXCITED STATE — Any state of energy greater than 
the ground state (i.e., the lowest energy level) of an 
atom, molecule or radical. 


EXCLUSION PRINCIPLE — See quantum theory (the 
periodic table). 


EXHAUST FLAME SUPPRESSANT (rocketry) — See 
flame suppressant, secondary 


EXHAUST JET — The stream of gaseous, and in some 
cases also liquid and/or solid, combustion products 
issuing from a rocket nozzle. (See rocket plume.) 


Photo Credit: Naminosuke Kubota 


EXHAUST PLUME, ROCKET — The luminescent portion 
of rocket exhaust. Although somewhat simplistic, the 
illustration below suggests that the plume can be con- 
sidered as consisting of two basic parts, the primary 
and secondary flames. 


Plume 


Primary 


Secondary 
Flame 


Flame 
Nozzle 


In this construct, the primary flame is composed of 
the primary combustion products of the propellant, 
cooled to some extent by expansion in the nozzle, but 
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without being greatly affected by the atmosphere. Its 
visible presence depends to a large extent on the na- 
ture of the propellant, conditions within the motor, 
and the nozzle expansion ratio (with its effect on the 
temperature of the combustion products as they leave 
the divergent section of the nozzle). For many propel- 
lants, when the combustion products have been near 
fully expanded, the primary flame will not be visible. 
The effect that the nozzle expansion ratio can have on 
a rocket plume is shown in a series of photographs in 
the entry nozzle expansion ratio. 


For a propellant that produces relatively fuel-rich 
combustion products, a secondary flame can form. 
This occurs as air diffuses into the rocket exhaust, 
which results in those uncombusted fuel species pro- 
ceeding to burn. A rocket using a NC-NG double- 
base propellant is shown below. The nozzle expansion 
ratio is sufficiently great (c¢ = 10) that the primary 
flame is not visibly present. In that case, the secondary 
flame is attributed to the after burning of carbon mon- 
oxide in the propellant’s combustion products. 


aS 


ee 


Photo Credit: Naminosuke Kubota 


This type of secondary flame can be reduced or elim- 
inated by adding an oxidizer that acts as a secondary 
flame suppressant. The effect that the addition of a 
small amount of an oxidizer can have on a rocket 
plume is shown in a series of photographs the entry 
flame suppressant, secondary. 


For simplicity in this discussion of rocket plumes, no 
attention has been paid to the complex and shifting 
chemical equilibria taking place in the plume. 


EXHAUST SMOKE, ROCKET — The amount of smoke 


exhausted from a rocket nozzle is determined by the 
nature of the propellant in the rocket motor. There are 
smokeless propellants, reduced-smoke propellants 
and smoke propellants. The combustion gas of smoke- 
less propellant is almost smoke free when observed 
visually. A very large rocket burning a NC-NG dou- 
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ble-base, smokeless propellant is shown below. The 
position of the rocket is highlighted using a red circle 
in the upper right of the photograph. 


Photo Credit: Naminosuke Kubota 


The combustion gas of reduced-smoke propellant is 
nearly smokeless when the relative humidity is less 
than about 50%; it only becomes noticeably smoky as 
the relative humidity increases. Reduced-smoke pro- 
pellants are typically composed of ammonium per- 
chlorate and polymeric binders. In that case, the 
white smoke that is generated is produced by the 
combining of hydrogen chloride gas (formed by the 
combustion of the ammonium perchlorate) with water 
vapor in the air to form an aerosol of tiny droplets of 
hydrochloric acid. Technically, this smoke would 
more correctly be described as a fog, because it is 
composed of liquid droplets and not solid particles. 


Abundant smoke is always formed when smoke pro- 
pellants are burned. One type of smoke-producing 
propellant is that of aluminized ammonium perchlo- 
rate composite propellant. In this case, the persistent 
component of the mostly white smoke is primarily 
from the formation of aluminum oxide particles pro- 
duced by the burning of the aluminum particles con- 
tained within the smoke propellant. An example of 
the firing of a large rocket using such a propellant is 
shown farther below. The darkness of the smoke is ap- 
parently due to a combination of the density of the 
smoke, the sun angle and presumably the presence of 
some free carbon in the exhaust. 


Some metallic, smoke-producing components used in 
propellants, in addition to aluminum, are magnesium, 
titanium and zinc. 
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Photo Credit: Naminosuke Kubota 


EXHAUST STREAM — The stream of gaseous and other 
materials that are emitted from the nozzle of a rocket 
or other reaction engine. 


EXHAUST VELOCITY — The speed of discharging com- 
bustion products (i.e., the exhaust stream) from the 
nozzle of a rocket or other reaction engine. There are 
four common exhaust velocities encountered: ideal 
gas, maximum ideal gas, effective and characteristic. 


To calculate exhaust velocities in English engineering 
units in the equations below, replace mass flow rate 


(11 = dm/dt) withW /¢, where W is weight flow rate 


(dW /dt, in pounds-force per second), g is the accel- 
eration due to gravity (32.2 feet per second squared) 
and use consistent English units for the other variables. 


ideal gas exhaust velocity — (Symbol: v.) — (Also 
actual exhaust velocity) — This calculated value as- 
sumes the combustion products can be treated as be- 
ing ideal gases (which is a good approximation for 
real gases up to pressures of 100 atmospheres): 


Here, y is the heat capacity ratio of the combustion 
products, R’ is the specific gas constant (i.e., the uni- 
versal gas constant divided by the effective molecular 
weight of the combustion products), 7. is the absolute 
temperature of the combustion products in the com- 
bustion chamber, P. is the absolute pressure of the 
gas at the exit of the nozzle, P. is the absolute pres- 
sure in the combustion chamber, and 1, is the velocity 
of the combustion products entering the nozzle. 
When the cross-sectional area of the combustion 
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chamber is relatively large, v. can be assumed to be 
zero (0) and the ideal exhaust velocity is reduced to: 


-l 
past | 2M REL, f al 
: (7-1) P. 

maximum ideal gas exhaust velocity — (Symbol: 
vei) — (Also ideal exhaust velocity) — If a rocket motor 
were operated under conditions where the pressure 
ratio (P. / P-) is infinite, its exhaust velocity reaches a 
maximum value. In that case, the second term in the 


ideal gas exhaust velocity equation (above) will equal 
unity (1) and the equation reduces to: 


Here the variables are as defined for the ideal gas ex- 
haust velocity. 


The conditions where the pressure ratio P, / P. is in- 
finite are approximated when a rocket motor is oper- 
ated in a vacuum with an optimally expanded nozzle. 
Then the absolute pressure of the gas at the exit of the 
nozzle (P-) will be near zero (0), which produces a 
near infinite pressure ratio. 


effective exhaust velocity — (Symbol: v./) — (Also 
equivalent exhaust velocity) — The exhaust velocity 
that would produce the same thrust of a rocket motor, 
were it only for the momentum portion of the thrust 
(F). In the thrust equation below, this is equivalent to 
only considering the first (i.e., momentum thrust) term 
and ignoring the second (i.e., pressure thrust) term: 


F=(m-v,)+(P—P,)A, 


In this equation m(m-dot) is the mass flow rate 
(dm/dt) of the combustion products (i.e., working fluid) 
through the nozzle, ve is the ideal gas exhaust velocity 
of the combustion products, P. is the absolute nozzle 
exit pressure, P, is the local absolute atmospheric 
pressure, and A- is the nozzle exit area. 


Accordingly, the thrust equation, based only on the 
effective exhaust velocity, is simply: 


F= (ri : ve) and 


(rit-v.,)=(ta-v, )+(R-P)A, 


Thus, the effective exhaust velocity is: 


((RaPJA 


m 


Vor = 


Page 440 


For a perfectly expanded nozzle at ambient pressure, 
P. equals P, and as a result, vey equals ve. As a practi- 
cal matter, the second term in the above equation is 
generally small and v is close to vey: 


characteristic exhaust velocity — (Symbol: c*) — 
Provides an indication of the performance of the pro- 
pellant’s combustion in a rocket motor, essentially 
independent of its nozzle’s performance. Characteris- 
tic exhaust velocity is defined as: 


Here, ver is the effective exhaust velocity and Cyis the 
motor’s thrust coefficient. By substitution, this be- 
comes: 


—— 
ytl 


ys pe ge 
y+ 


Here the variables are as defined for the ideal gas ex- 
haust velocity. 


EXHIBITION CANDLE — See Roman candle. 


EXHIBITION FIREWORKS and EXHIBITION GRADE 
FIREWORKS — The terms may be used to simply refer 
to any firework item that is too large to be sold to the 
general public as a consumer firework and is intended 
to be used in public firework displays (i.e., a display 
firework). The term is sometimes also applied to 
those especially high-quality display fireworks that 
are of a quality not routinely seen. Such devices may be 
presented in competitions or at other special events. 


EXIT TIME (fireworks) — See aerial shell exit time. 


EX NUMBER — (Abbreviated EX #) — An approval 
number issued by the Research and Special Programs 
Administration (RSPA) of the US Department of 
Transportation for each type of explosive or explo- 
sive containing device that is to be transported into, 
from or within the US. 


EXOSPHERE — The outermost or topmost layer of the 
Earth’s atmosphere. 


EXOTHERMIC — A process in which thermal energy 
(i.e., heat) is released from a thermodynamic system 
to the surroundings. This is in contrast to endothermic 
processes and reactions, in which thermal energy is 
absorbed by a system from the surroundings. 
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The science of thermodynamics was developed in the 
era of the steam engine, when heat was thought of as 
a substance that could move from one place to another. 
The basic sign conventions adopted in thermodynam- 
ics for heat (q) and work (w) make the most intuitive 
sense in the context of steam engines as the system. 
For a steam engine, one adds a positive quantity of 
heat from the surroundings to the system (i.e., to the 
engine to produce steam), which increases the internal 
energy (U) of the system (1.e., engine). The system 
uses its energy (the engine uses steam) to perform a 
positive quantity of work on the surroundings, which 
decreases the internal energy of the engine. The basic 
equation of thermodynamics is thus: 


AU =q-w 


Here, AU is the change in the internal energy of the 
system. By this convention, heat flowing into the sys- 
tem is a positive quantity and the work out of (per- 
formed by) the system is a positive quantity. 


For a system composed of burning pyrotechnic com- 
position, heat is flowing from the system to the sur- 
roundings, constituting an exothermic reaction. Be- 
cause this is the reverse of the direction of heat flow 
fora steam engine, by the sign convention adopted for 
thermodynamics, this is a negative quantity of heat. 


EXOTHERMIC REACTION — A chemical reaction in 
which heat is evolved, such as in burning pyrotechnic 
reactions and detonations. 


EXPANSION RATIO — See nozzle expansion ratio. 


EXPANSION WAVE — When a supersonic flow expands 
to a low-pressure region (i.e., an expansion process), 
the flow velocity increases, and the pressure decreases 
continuously along the flow direction. During this 
process, infinitesimal expansion waves are formed. 
Unlike shock waves, expansion waves are formed in 
an isentropic process. (i.e., a process in which entropy 
is constant). 


On the contrary, when a shock wave travels in solid 
material, an expansion wave is generated by the re- 
flection of the shock wave at the discontinuity pro- 
vided by the end surface of the solid material. As a 
result, this expansion wave can produce spalling (see 
Hopkinson effect) at that point. 


EXPELLING CHARGE -— See charge (noun) and, for its 
use in fireworks, see lift charge and break charge. 


EXPENDABLE ROCKET MOTOR -— See rocket motor, 
expendable. 
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EXPERIMENTAL ROCKET -— See high-power rocket, 
advanced. 


EXPLODABLE — See explosible. 


EXPLODE — An action that results in the very sudden 
production or release of gas of such magnitude that 
an air-blast wave (i.e., a bang) results. The gas may 
be permanent and remain gaseous at ambient temper- 
atures (e.g., nitrogen, carbon dioxide and water vapor, 
as may be produced by high explosives) or may only be 
temporarily gaseous (e.g., potassium chloride and alu- 
minum oxide, as may be produced by firework flash 
powders). The term explode encompasses detonations 
and deflagrations, as well as the mechanical explosion 
(see explosion type, basic) of pressure vessels. 


EXPLODER -— See blasting machine. 


EXPLODING BRIDGEWIRE — (Abbreviated EBW) — A 
type of electric initiator used to produce a combined 
thermal and shock event capable of initiating shock 
tube and in some cases secondary high explosives. 
Exploding bridgewire devices have a safety ad- 
vantage in that it is almost impossible to cause them 
to operate by accident. On the other hand, they have 
the disadvantage of requiring a power source capable 
of delivering relatively high electric currents. 


A bare electric match tip (i.e., a bridgewire without 
any explosive composition) can be used as a type of 
exploding bridgewire initiator for use with shock tube 
and Lightning Thermo-tube™. Such a unit is shown 
below, where the red arrow is pointing to the bridge- 
wire. (The yellow-brown coloration at various loca- 
tions on the match tip is flux remaining from the sol- 
dering process.) 


When several joules of electric energy from a capaci- 
tive-discharge firing unit are delivered (in a short 
enough time) to the bridgewire, it will be explosively 
vaporized with sufficient violence to initiate shock 
tube and Lightning Thermo Tube™ lines. The func- 
tioning of this type of initiator is shown below in a 
series of images spanning 0.005 second. 
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When smaller electric currents are supplied to the 
bridgewire of an uncoated, electric-match tip, it may 
be used an electric hot-wire igniter. 


EXPLODING BRIDGEWIRE DETONATOR — (Abbrevi- 
ated EBW detonator) — A type of electroexplosive 
device (i.e., an electric detonator) with no primary 
explosive. It requires a very high electric current to 
operate. When a sufficiently high current is rapidly 
applied, the bridgewire vaporizes and produces a shock 
wave that is sufficient to initiate the secondary explo- 
sive in the detonator. This is considered a safer deto- 
nator because it is all but impossible to be initiated 
accidentally by low electrical current or normal me- 
chanical action. 


EXPLODING CORK - See explosive cork. 


EXPLODING FIREWORK (US), ILLEGAL — See ex- 
ploding ground firework (US), illegal. 


EXPLODING FIREWORK (US), LEGAL LOOK-ALIKE — 
See exploding ground firework (US), legal look-alike. 


EXPLODING FIREWORK, NON-US - See exploding 
ground firework, non-US. 


EXPLODING FOIL DETONATOR — See detonator. 


EXPLODING FOIL INITIATOR — See detonator (ex- 
ploding foil detonator). 


EXPLODING GROUND FIREWORK (US), ILLEGAL — 
A wide range of illegal exploding devices that are oc- 
casionally sold to consumers. Technically, any 
ground, firecracker-like device containing more than 
50 mg of powder (0.05 gram or 0.0018 ounce) is illegal 
for sale to the public in the US. This is a result of the 
Child Protective Act of 1966, which established the 
US Consumer Product Safety Commission. 


Probably one of the best-known illegal salutes is de- 
scribed as an M-80, which is similar in size and ap- 
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pearance to a military gunfire and explosion simula- 
tor with the same designation. It is common to have 
the fuse enter the device on the side of the tube at ap- 
proximately its mid-point, but the fuse may also enter 
the item at one of its ends. The explosive pyrotechnic 
composition in these devices is one of the many types 
of flash powder. The typical construction of an illegal 
M-80 is illustrated below in cross section. Sometimes 
the side fuse on these items is not glued in place. 


End Plug Powder Charge 


While there are no official specifications for this and 
other illegal devices, the US Bureau of Alcohol, To- 
bacco, Firearms and Explosives has established some 
guidance for their use in describing variously-sized 
items of this general type, as presented below. 


Diameter Load 
(in.) ) (g)@ 


2 


Designation used by the US BATFE and may not corre- 
spond to common usage. 

Approximate outside diameter of the tube or casing in 
inches. (1 in. » 25 mm). 

c) Overall length of the tube or casing in inches. (1 in. = 25 
mm). 

Mass of pyrotechnic composition in grams. (1 oz. = 28 g). 
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Other names for illegal salutes include cherry bombs, 
quarter sticks and silver salutes. Currently there are a 
number of legal exploding ground salutes (i.e., those 
containing no more than 0.05 gram, 0.0018 ounce, of 
powder) sold in several states that are designed to ap- 
pear similar to these illegal items. (See exploding 
ground firework (US), legal look-alike.) For these legal 
devices, the only determining factor is their powder 
content and not their appearance or physical dimen- 
sions. 


A selection of illegal salute models is shown below 
(larger squares in the photograph are | inch, 25 mm). 
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Number 1 is a silver salute (about the same size that 
is common for an M-80). Numbers 1 and 2 are exam- 
ples of side fusing, which some have conjectured 
produces a louder explosion than end fusing. Number 
3 is made using a length of PVC pipe. Although it 
has the same internal volume for flash powder as 
number 2, it is substantially the most dangerous of 
this collection. This is a result of the greater strength 
of its PVC casing and the much more dangerous 
fragments produced when the device explodes. Num- 
ber 4 has been disguised and labeled in an attempt to 
make it appear to be a display firework. Number 5 
has the largest powder capacity of the examples 
shown. Unfortunately, on occasion even larger items 
are manufactured for the illegal sale to consumers. 


EXPLODING GROUND FIREWORK (US), LEGAL 
LOOK-ALIKE — Currently, many legal, exploding 
ground salutes (i.e., those containing no more than 
0.05 gram, 0.0018 ounce, of powder and allowed for 
sale in several states) are designed to appear similar 
to much more dangerous illegal items. (See exploding 
ground firework, illegal US.) Further, confusion is 
possible because these legal items often have names 
sounding like their illegal counterparts (e.g., M-60, 
M-80, M-100 and M-1000). Some legal firecrackers 
that look like the illegal ones are shown below. 


These items fall into two broad categories. Items in 
the first category have the very limited amount of a 
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flash powder (less than or equal to 0.05 gram or 
0.0018 ounce) in a rather large compartment. The 
dissected device (upper middle as shown below) is 
such an example. These items are not especially reli- 
able in their performance and tend to become duds 
because of the poor physical contact between the fuse 
and very limited amount of flash powder they con- 
tain. Items in the second category have a small (i.e., 
legal) firecracker buried inside the much larger device, 
as in the other three dissected items shown below. 


EXPLODING GROUND FIREWORK, NON-US — What 
constitutes legal exploding fireworks varies widely 
from country to country. In the UK, Canada and Aus- 
tralia (and in many US localities) all firecrackers and 
small salutes are banned for consumer use. In other 
countries, especially those without strong consumer 
protection laws, quite large firecrackers and salutes 
are often legally available to the general public. Two 
examples of these large exploding consumer firework 
devices are discussed below. 


Mexican consumer salute — These are large, cy- 
lindrical salutes, designed to be set on the ground and 
ignited. They are often quite large, commonly 0.75 
inch (19 mm) or more in diameter and two or more 
inches (50 mm or more) long, and they explode quite 
violently. An example is shown below. 


| | 


The flash powder is usually coarsely granulated and 
consists of a mixture of potassium chlorate, sulfur 
and bright flake aluminum. Occasionally, the alumi- 
num consists of a remarkably wide range of particle 
sizes. 


Typically, the ends of the cylinders are closed with a 
white material that appears to be plaster of Paris. 
These plugs appear to have been applied to the open- 
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ings of the tube when the plug material was wet and 
subsequently dried (i.e., set) to a hard, brittle material. 
Because the end plugs may sometimes remain intact 
and be energetically propelled as the salute explodes, 
these salutes are potentially quite dangerous. 


These salutes sometimes have remarkably short fuses 
consisting of a stiff piece of cotton string that has 
been treated with a slurry of potassium chlorate and 
sugar (i.e., sucrose). The fusing is not especially reli- 
able because the slurry tends to flake off the string at 
the point where the fuse enters the salute. The salute 
may be side fused, or it may be fused through one 
end (as in the example shown above). Some of the 
better-designed devices are wrapped with a layer of 
thin, colored (usually red) tissue paper, and the fuse 
is covered along its entire length except for a short 
portion that protrudes near one end of the salute. This 
is preferred because it helps protect the point of fuse 
entry into the side of the salute casing. 


triangle cracker — A flat, triangular ground salute 
made by carefully folding paper (typically newspaper) 
into a triangular shape (US patent 600,190, Sarkis S. 
Yenovkian, 1898). It has a large flat internal cavity 
that contains flash powder and a fuse leading to the 
cavity. These devices are made in a wide variety of 
sizes; three devices are shown below. 
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Triangle crackers are popular in Mexico. They are of- 
ten fitted with a fuse consisting of a cotton string im- 
pregnated and coated with potassium chlorate and 
sugar, as shown below. 


RRS Se, ae 
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This type of fuse has a tendency for the composition 
to flake off the surface of the fuse at the point where 
it enters the cracker, which can result in a dud device. 


Such crackers can be quite powerful, containing sev- 
eral grams of flash powder, and they may be unreliable 
because of their fusing. The flash powder used is often 
a granulated combination of potassium chlorate and 
fine bright flake aluminum. Some triangle crackers 
that are provided with a small diameter visco fuse are 
made in China and marketed to the West. An example 
is shown below. 


EXPLODING TARGET (small arms) — A small, bullseye 
target for small arms practice that, when struck near 
its center, explodes loudly. An example of one type 
of target is shown below. 


for outdoor use ONLYI. 

7? 2.Remove tape backing and affix 
to suitable backstop. 

 3.A hit to the target center 


Makes the target EXPLODE]. 
4.KEEP COOL & DRY- KEEP 
OUT OF THE REACH OF 


1 CHILDREN. 
5.USE +22 CALIBER OR LAR 
GER CALIBERS FOR BEST 

RESULTS. 


The target is made with a piece of closed cell 
Styrofoam sandwiched between two pieces of card- 
board. The center of the Styrofoam contains a circular 
hole that has been filled with a flash powder charge 
of approximately 0.5 g. The construction of this de- 
vice is shown below. A side view is uppermost. Be- 
low that, the device is shown after having removed 
the front piece of cardboard; the gray material (right) 
in the center of the Styrofoam is a charge of flash 
powder. 
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The flash powder is typically particularly impact and 
friction sensitive, usually being composed of potassi- 
um chlorate, fine flake aluminum and antimony(III) 
sulfide (or occasionally, sulfur). Because of the nature 
of their construction, some of these devices may not 
to explode violently in a fire, but they explode loudly 
when struck by a bullet. Some large exploding targets 
are available that use binary pyrotechnic composi- 
tions, consisting of two individually non-explosive 
powders that are mixed together just before use. The 
shipment and storage of this type of exploding target 
are simplified, because when the items are shipped or 
stored, they do not contain an explosive. 


EXPLODING HARPOON - See harpoon, exploding. 


EXPLOSIBLE -— (Also explodable) — A material that 
upon initiation or ignition can undergo a rapid release 
of thermal energy sufficient, under some conditions, 
to produce an explosion. Under other conditions, such 
material may only burn more or less rapidly. 


EXPLOSIBLE DUST - (Also combustible dust) — A 
powdered material, typically suspended in air, capable 
of undergoing a rapid release of thermal energy suffi- 
cient under some conditions to produce an explosion. 


For combustible materials suspended in air, there will 
be a range of concentrations (described as upper and 
lower flammability limits) over which the suspended 
dust will be capable of at least propagating flame 
(i.e., burning). Often there may be a somewhat smaller 
range of concentrations (described as upper and low- 
er explosive limits) over which the combustion may 
be sufficiently violent to be considered an explosion. 


For pyrotechnic materials suspended in air, there will 
be lower flammability and/or explosion limits, but 
there will not be upper concentration limits. This is 
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because pyrotechnic materials do not principally rely 
on oxygen from the air for their combustion. 


EXPLOSIBLE LIMIT — Explosion limiting concentra- 


tions (both maximum and minimum) for flammable 
dusts in air. Explosible limits are typically expressed as 
concentrations, in units of mass per volume (e.g., g/m*). 


EXPLOSION — What constitutes an explosion is not 


clearly defined (i.e., quantified) either in common 
speech or in the law. For example, is the bursting of a 
toy balloon an explosion? If so, is the bursting of a 
soap bubble an explosion? Where exactly does one 
draw the line in a range of output? It is often said 
(Yallop, 1980) that the necessary and sufficient con- 
ditions for an explosion are: 1) that gas is released, 2) 
that energy is released and 3) that both are released very 
suddenly. This definition might seem to fail to account 
for some pyrotechnic explosives, namely those that do 
not produce gaseous products, at least not at ambient 
temperatures. An example is a typical flash powder: 


8 Al + 3 KCIO, D 4AL03 + 3 KCl 


In fact, the potassium chloride [KCI] and some of the 
aluminum oxide [Al,O3] are gaseous at the reaction 
temperature of approximately 3500 °C, so the above 
definition is applicable. 


A far less technical definition of an explosion (Davis 
1943), but one that may more generally apply, is a 
“loud noise and a sudden going away of things from 
the place where they have been.” By implication of 
this less technical definition, there is a pressure effect 
produced by an explosion and that pressure effect is 
enough to produce readily observable sound and mo- 
tive action on objects in the immediate surroundings. 


Explosions are often subdivided into 3 classes: me- 
chanical, chemical and nuclear. (See explosion type, 
basic.) 


The series of images below capture the explosion of a 
plastic bucket containing approximately 30 pounds 
(14 kg) of a flash break charge (containing of potas- 
sium nitrate, pyro-aluminum and sulfur) such as oc- 
casionally used in the manufacture of firework star 
shells. In the first image, a tiny red circle has been 
drawn around the even more tiny bucket of powder 
(dark spot). The powder was ignited using an electric 
match and produced a fireball approximately 100 feet 
(30 m) in diameter. 
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Unconfined chemical explosives produce explosions 
that are commonly divided into two broad categories 
depending on propagation rates. The first is when the 
propagation rate is supersonic with respect to the un- 
reacted explosive. In this first case, the reaction is de- 
scribed as a detonation, which propagates as the re- 
sult of a shock wave advancing through the explo- 
sive. The second category is when the propagation rate 
is subsonic with respect to the unreacted explosive. In 
this second case, the reaction is described as a defla- 
gration, which propagates as the result of thermal en- 
ergy transfer (i.e., feedback) in the explosive. (See 
high explosive and low explosive for their definitions 
as used in US regulations.) 


Deflagrations of pyrotechnic compositions can be 
produced by a process described as inertial confine- 
ment. In these instances, the speed of propagation is 
generally subsonic, but a violent explosion still results, 
and it may be mistakenly described as a detonation. 


For a confined pyrotechnic composition, the situation 
becomes more complex. Under confinement, a pyro- 
technic composition experiences greater propagation 
rates as pressure and temperature build inside the con- 
finement vessel (see Vieille equation and burn rate, 
factor affecting). Accordingly, a pyrotechnic compo- 
sition that burns without explosion when unconfined 
may burn explosively when sufficiently confined. Al- 
so, independent of any increase in propagation rate, if 
the confining vessel ruptures as a result of an increase 
in gas pressure produced (directly or indirectly) by 
the reacting pyrotechnic composition, a mechanical 
explosion (of the confining vessel) is the result. 


EXPLOSION, AERIAL SHELL — See aerial shell burst 
mechanism. 


EXPLOSION, CHEMICAL — See explosion type, basic 
(chemical). 


EXPLOSION, IN-MORTAR (fireworks) — See mortar 
burst. 
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EXPLOSION LIMIT — See explosive limit. 


EXPLOSION, MECHANICAL — See explosion type, basic 
(mechanical). 


EXPLOSION, MORTAR (fireworks) — See mortar ex- 
plosion. 


EXPLOSION-PROOF — Equipment and components so 
constructed that they will not produce sparks (even as 
the result of a malfunction), and so that dusts and va- 
pors cannot enter any places within the equipment or 
components where sparking may occur. 


EXPLOSION SUPPRESSION SYSTEM — Sce fire SUp- 
pression, explosive hazard. 


EXPLOSION TYPE, BASIC — In the broadest sense, ex- 
plosions can be divided into three types: chemical, 
mechanical and nuclear, but; there may not always be 
a completely clear distinction between them. 


chemical explosion — An explosion resulting from 
the energy released as the result of chemical reac- 
tions. While technically there must be a mass change 
in chemical reactions, that change in mass is infini- 
tesimal and is un-measurable. In contrast to that oc- 
curring in nuclear explosions. Chemical explosions 
can be subdivided into detonations and deflagrations. 


mechanical explosion — (Also vessel explosion or 
pressure burst) — An explosion caused by the me- 
chanical rupturing of a pressure vessel or some type 
of containment vessel, for example, a steam boiler 
explosion. In pyrotechnics, the gas pressure is pro- 
duced by the burning of a pyrotechnic composition 
within the vessel. Both the normal bursting of a fire- 
work star shell and the explosive malfunction of a 
solid rocket motor are typically the result of a me- 
chanical explosion of their casing (i.e., pressure ves- 
sel). When the gas pressure within a vessel produces 
forces that exceed the tensile strength of the vessel 
wall, it will burst, as suggested in the series of illus- 
trations below. 


0 ode 
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nuclear explosion — An explosion resulting from 
the energy released as the result of the conversion of 
matter (i.e., mass) into energy (E = m c’, where E is 
energy, m is mass and c is the speed of light). Nuclear 
explosions can be a result of uncontrolled nuclear fis- 
sion or fusion. 


EXPLOSIVE (regulatory definitions): 


The United Nations: (a) A solid or liquid substance, 
or a mixture of substances that is in itself capable by 
self-sustaining exothermic chemical reaction produc- 
ing gas at such temperature and pressure and at such 
speed as to cause damage to the surroundings; (b) A 
pyrotechnic substance. 


US Bureau of Alcohol Tobacco. Firearms and Explo- 
sives: (BATFE) — Any chemical compound, mixture 


or device with the primary or common purpose of 
functioning by explosion. The term includes, but is 
not limited to, dynamite, Black Powder, pellet pow- 
der, initiating explosives, detonators, safety fuses, 
squibs, detonating cords, igniter cords and igniters. 
The BATFE also designates as explosives many ma- 
terials and devices that do not have as their primary 
or common purpose to operate by explosion (e.g., 
safety fuse and high-power rocket motors). Similarly, 
the US Department of Transportation designates as 
explosives many materials and devices that do not 
explode (e.g., some consumer fireworks and other 
materials that do not explode unless confined or pre- 
sent in a very large quantity). 


The National Fire Protection Association (NFPA) con- 


tinues with: — The term explosives includes any mate- 
rial determined to be within the scope of “Title 18, 
United States Code, Chapter 40, Importation, Manu- 
facture, Distribution, and Storage of Explosive Mate- 
rials”, and also includes any material classified as ex- 
plosive by the Hazardous Material Regulations of the 
US Department of Transportation. 


EXPLOSIVE (technical definition) — Any material that 
is capable of undergoing a self-contained and self- 
sustained exothermic chemical reaction at a rate that 
is sufficient to produce substantial and nearly instan- 
taneous pressure on its surroundings, thus potentially 
causing physical damage. Explosives fall into two 
broad classes: detonating explosives and deflagrating 
explosives. (See high explosive and low explosive.) 


EXPLOSIVE-ACTUATED DEVICE — (Also explosives- 


actuated device) — Any tool or special mechanized 
device that is actuated explosively but is not a propel- 
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lant-actuated device. An example of one type of ex- 
plosive-actuated device is an explosive cable cutter. 


EXPLOSIVE ACTUATOR — See actuator, explosive. 


EXPLOSIVE ARTICLE — See Globally Harmonized 
System of Classification and Labeling of Chemicals. 


EXPLOSIVE BOLT - (Also pyrotechnic fastener) — A 
fastening device containing an explosive that, when 
exploded, causes the bolt to separate into two or more 
pieces. For example, explosive bolts may be used in 
the staging process of large rockets. 


EXPLOSIVE BOOSTER -— See booster, explosive. 


EXPLOSIVE, BULK SLURRY -— Slurry blasting agents 
transported to and loaded directly into blast holes at a 
blast site. The bulk slurry explosive is usually mixed 
and pumped from large trucks. 


EXPLOSIVE BURNING — See deflagration. 


EXPLOSIVE CABLE CUTTER — See cable cutter, ex- 
plosive. 


EXPLOSIVE CLASSIFICATION — See explosives, clas- 
sification of. 


EXPLOSIVE COMPATIBILITY and EXPLOSIVE COM- 
PATIBILITY GROUP — See compatibility group. 


EXPLOSIVE COMPOSITION NAME — See composition 
name, explosive. 


EXPLOSIVE COMPOUND — A chemical compound 
(i.e., a unique grouping of atoms linked by chemical 
bonds) that when initiated is capable of producing an 
explosion (i.e., gas and energy are released in suffi- 
cient quantity and sufficiently rapidly to act violently 
on the surroundings). 


The typical explosive compound is a high explosive, 
the result of the compound containing both fuel and 
oxidizer portions. Explosive compounds fall into two 
basic categories, organic explosive compounds and 
inorganic explosive compounds. In addition, the or- 
ganic explosive compounds can be further divided into 
aromatic explosive compounds and aliphatic explosive 
compounds. This breakdown of types of explosive 
compounds, along with examples, is presented below. 
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Aromatic 


Example: 


tri-nitro 
toluene 
(TNT) 


EXPLOSIVE CORK — (Also exploding cork, detonating 
cork, crack cork cartridge, pop cork or German ‘knall- 
kork’) — A load for specially-designed toy guns, start- 
ing pistols, burglar alarms, etc. Each round consists of 
a squat cylinder made of cork and having a cavity in 
one end filled with a pyrotechnic composition (typi- 
cally Armstrong’s Mixture) that explodes with a loud 
noise when struck. The end containing the composition 
is covered with thin paper, so the device is in effect a 
giant toy cap. A box of explosive corks made in Great 
Britain, probably dating to the mid-1920s, is shown 
below. 


Photo credit: Steve Allison 


Explosive corks seem to have been quite popular in 
Europe and elsewhere in the years before the World 
War II; they have since been prohibited in many ju- 
risdictions as a result of serious accidents in which 
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bulk consignments of them exploded, even to the ex- 
tent of causing fatalities. 


cork gun — In use, the explosive corks are inserted 
into a gun-like device, configured so that the compo- 
sition explodes on impact from a firing pin actuated 
by pulling a trigger. An example of a device for firing 
explosive corks is illustrated below. 


: 


Illustration credit: British Patent No. 12,370 (1912) 


What appears to be the barrel of the gun is in fact a 
magazine for holding the corks. Five such corks (n) 
are shown in magazine a (and are held in place with 
the aid of a spring, q). A sixth cork, also marked n, 
has been raised into the open-topped casing (p) ready 
for firing. It is held in position by a spring tongue, 
marked p’. Any cork fragments resulting from the ex- 
plosion would be projected upward from the open top 
of p. The trigger (c) and its mechanism are config- 
ured so that when it is pulled, a cork is first raised in- 
to p, and then the firing mechanism operates. When 
the trigger is released, the mechanism returns to its 
original position with the aid of a spring (0). The next 
time the trigger is pulled, another cork is lifted from 
the magazine (a) into the open-topped casing (p), and 
in the process any remains of the previous cork are 
pushed out. 


A photograph of a different type of cork gun, made in 
Germany but marketed in Great Britain in the mid- 
1920s is shown below: 


Photo credit: Steve Allison 


EXPLOSIVE D — See ammonium picrate. 


EXPLOSIVE DENSITY — See density. 
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EXPLOSIVE DEVICE — An item that contains explosive 
material(s) and is configured to provide quantities of 
gas, heat or light by a rapid chemical reaction initiated 
by an energy source, usually electrical or mechanical 
in nature. 


EXPLOSIVE EQUIVALENT and EXPLOSIVE EQUIVA- 
LENCE — See high explosive equivalence. 


EXPLOSIVE FIRE SUPPRESSION SYSTEM -— See fire 
suppression system, explosive. 


EXPLOSIVE, HIGH — See high explosive. 


EXPLOSIVE INDUSTRY GROUP — (Abbreviated EIG) 
— A branch of the British Confederation of British In- 
dustry. It is not a trade organization, and as such, 
does not actively promote the firework industry. Its 
primary purpose is to liaison with the government on 
safety and legislative matters. For more information, 
see www.eig.org.uk. 


EXPLOSIVE LIMIT — (Also explosion limit) — For a 
given set of conditions, the range of a parameter that 
separates regions of fast and slow chemical reactions. 
In this sense, a fast reaction can be taken to mean one 
producing a deflagration (i.e., explosion) whereas a 
slow reaction is one producing only burning under the 
given set of conditions. When applicable, both the 
limiting upper and lower range of the parameter, be- 
tween which an explosion is possible, is listed. These 
are described as the upper and lower explosion limits 
(abbreviated UEL and LEL, respectively). 


For example, consider flash powders that can be used 
as the pyrotechnic charge in small exploding devices, 
such as pest and predator control devices. The upper 
explosion limit (in terms of atomized aluminum par- 
ticle size) is approximately 8 ym for most flash pow- 
der compositions. Only atomized aluminum particles 
smaller than this are capable of producing an explo- 
sion in these devices, as typically constructed. 


For a given pyrotechnic composition, the range of 
fuel-to-oxidizer ratio, above and below which no ex- 
plosion occurs, constitutes the upper and lower ex- 
plosion limits for a particular composition under a set 
of defined conditions. In this sense, upper and lower 
explosion limits are similar to flammability limits and 
explosion limits for fuel-air mixtures, which are stated 
as the airborne concentration of the fuel. For gases, 
the concentrations are typically expressed as percent 
by volume (e.g., the lower and upper explosion limits 
for acetone vapor is 2.5% and 12.8% by volume). For 
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explosible dusts, the concentrations are expressed as 
mass per volume (e.g., g/m’). 


EXPLOSIVE, LOW — See /ow explosive. 
EXPLOSIVE MAGAZINE — See magazine, explosive. 


EXPLOSIVE MIXTURE — A chemical mixture (i.e., a 
physical combination of chemical ingredients that are 
not linked by chemical bonds) that when ignited un- 
der some set of conditions is capable of producing an 
explosion (i.e., that gas and energy are released in 
sufficient quantity and sufficiently rapidly to act vio- 
lently on the surroundings). 


The typical explosive mixture is a low explosive; 
some examples are Black Powder (a mixture of po- 
tassium nitrate, charcoal and sulfur), firework com- 
positions (a mixture of fuels and oxidizers with addi- 
tives to produce various effects) and a carbureted 
fuel-air mixture in an automobile engine. In some ex- 
plosive mixtures, one (or more) of the components of 
the mixture may itself be an explosive compound. For 
example, lead styphnate (an explosive compound) is 
one component in the explosive mixture commonly 
used in small-arms primers. 


EXPLOSIVE, NEGATIVE — See negative explosive. 


EXPLOSIVENESS -— (Also explosivity) — A poorly de- 
fined term implying the magnitude of an explosive’s 
output, the rate at which a particular explosive reacts, 
or the ease with which the explosive is initiated. 


EXPLOSIVE NUT — A fastening device containing an 
explosive that when exploded causes the nut to sepa- 
rate into two or more pieces. For example, explosive 
nuts used in the staging process of large rockets. 


EXPLOSIVE OIL — Various liquid explosives, such as 
nitroglycerin and nitroglycol that are used as sensitiz- 
ing agents in the manufacture of commercial dyna- 
mites. 


Historical: Explosive oil was a synonym for nitro- 
glycerine. 


EXPLOSIVE OUTPUT TEST — Any test designed to de- 
termine some characteristic of the performance of an 
explosive. 


ballistic mortar test — An early test used to deter- 
mine the strength of an explosive. The basic con- 
struction of the device is illustrated below. 
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Explosive 
Charge 


Mortar Projectile 


Pendulum 


Scale Mortar 


On the left is the overall device, consisting of a mas- 
sive weight (i.e., the mortar) suspended on a knife 
edge/pivot from a heavy framework. 


Illustrated at the right (above) is a cross-section of the 
mortar, typically made of steel and containing a cavity 
that accommodates a charge 
of explosive and a massive 
projectile. (On occasion, the 
projectile may not be used.) 
The open end of a ballistic 
mortar and its projectile are 
shown on the right. 


When the charge is exploded, 
the projectile is fired from 
the mortar, typically into a 
sand pit, and the mortar re- 
coils (i.e., swings) away 
from its resting position. The 
strength of the explosive de- 
termines the amount of recoil, which is recorded by a 
slider (or other means) on the scale in the direction of 
the mortar’s swing. The slider and scale are shown 
below with a red arrow. 


The angular displacement can then easily be converted 
to a vertical rise, which in turn, given the mass of the 
complete pendulum assembly, can be used to com- 
pute the change in potential energy of the pendulum 
assembly resulting from the charge being fired. 


Page 450 


Ballistic mortar test results for explosives are typically 
reported as the relative mortar swing (or vertical rise) 
for the same mass of a standard explosive (frequently 
TNT) compared to the explosive being tested. In that 
case, the result may be reported as TNT equivalence 
(see high explosive equivalence). 


fragmentation test — (Al- 
so steel pipe test) — A simple 
test sometimes used to dif- 
ferentiate between deflagrat- 
ing and detonating explo- 
sives. The explosive is con- 
tained within a strong vessel, 
typically made of steel, in an 
arrangement not unlike that of a typical pipe bomb 
(illustrated at the right in cross section). 


Steel 
[¢ Wires - Container 


Explosive 
Charge 


Initiator 


When the explosive charge is initiated, the contain- 
ment vessel bursts. The number of fragments gener- 
ated in the explosion is dependent on the peak pres- 
sure and strain rate produced, which in turn depends 
on the nature of the explosive reaction. For deflagrating 
explosives, only a few large fragments will be gener- 
ated, an end cap will be blown off and/or the pipe 
will split open. For detonating explosives, many small 
fragments will be generated. 


internal ignition test — A simple test used to de- 
termine the tendency of the explosive to experience a 
deflagration-to-detonation transition. The test setup 
is nearly identical to that of the fragmentation test 
with the primary exception being that the initiator is a 
thermal igniter. For explosives that do not transition 
to detonation, only a few large fragments will be 
generated, an end cap will be blown off and/or the 
pipe will split open. For explosives transitioning to 
detonation, many small fragments will be generated. 


Hess test — (Also small lead-cylinder test or cap- 
sensitivity test) — A test to determine whether an explo- 
sive is sensitive to initiation by a detonator (1.e., blast- 
ing cap). The test can also be used to characterize the 
output of an explosive. The basic setup for this test is 
illustrated farther below, where an explosive charge is 
placed on top of a lead cylinder (typically 2 inches, 
51 mm, in diameter and 4 inches, 102 mm, long). 


When the charge is initiated, it delivers a force to the 
top of the lead cylinder, which bears witness to the 
power of the explosion. In some cases, a thick steel 
disk is placed between the explosive and the lead cyl- 
inder. When used as a cap sensitivity test, compres- 
sion of the lead cylinder (at its center) of more than '% 
inch (3.2 mm) is a positive result. 
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Leg Wires 


Detonator 


Detonator 
Support 


<—— Test Explosive 


<—— Lead Cylinder 


7 Steel Plate 


Three lead cylinders used to compare the output of 
Black Powder (left), a firework flash powder (center) 
and a medium-quality high explosive (right) are shown 
below. 


Kast test — A test similar to the Hess test that uses a 
copper cylinder rather than a lead cylinder. Because 
of the greater strength of copper, this test is more 
likely to be used with high explosives that are more 
powerful. 


penetration test — A quantitative test designed to 
determine the detonation pressure of an explosive by 
measuring the depth of the dent in a standardized 
steel plate. The test is typically performed by verti- 
cally stacking cylindrical pellets of the explosive on 
the steel plate with initiation at the top of the stack. 


A crude version of this test is shown below where an 
8-ounce (240-mL) plastic container of powdered ex- 
plosive with a detonator has been placed on a 0.25- 
inch (6-mm) steel plate (see ‘1’ below). This demon- 
stration compared the range of typical output of pyro- 
technic compositions to a high explosive. When the 
explosive was Black Powder, the detonator destroyed 
the container but failed to ignite the powder charge. 
When the detonator was replaced with a thermal ig- 
niter, the test sample of Black Powder was ignited; 
the container lid popped off and much of the burning 
Black Powder was ejected. The container survived 
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otherwise intact with no deformation of the steel 
plate (2). 


Yo 


Fa za 

In the same test (using a detonator), a charge of a typ- 
ical firework flash powder was used. The detonator 
successfully exploded the flash powder and the steel 
plate was dented to a depth of approximately 0.4 inch 
(10 mm) (3). In the final test, a charge of a binary ex- 
plosive (ammonium nitrate activated with nitrome- 


thane) was used. In that case, a cleanly cut hole per- 
forated the steel plate (4). 


sand test — A comparative test for explosives. A 
small explosive charge, often just a detonator, is 
placed in a container of sand with only one narrowly 
screened grain size, typically 30-mesh ‘Ottawa’ sand. 
After the charge is exploded, the sand is removed and 
sieved to determine the amount of sand that has been 
reduced in size. The greater the power and brisance 
of the explosive, the more sand that is fragmented to 
become smaller in particle size. 


Trauzl test — (Also large lead cylinder test or Trauzl 
lead block test) — A comparative test of explosive 
strength. A lead cylinder, typically 200 mm in diameter 
by 200 mm long, is prepared with a 25-mm diameter 
by 125mm on axis deep hole. A 10-g sample is loaded 
into the hole with a number 8 test detonator, which is 
then stemmed with sand (or water), as illustrated be- 
low on the left. 


Detonator —>| Expansion 
of Hole 

Sand 

Stemming 

Explosive 


When initiated, the explosion expands the volume of 
the central hole, as illustrated on the right. The original 
volume (61.3 cm?) is compared with the final volume, 
which is determined by measuring the volume of the 
water needed to fill the enlarged hole. The result re- 


Page 451 


ported for the test is the net increase in volume of the 
hole in excess of that caused by the detonator alone. 


EXPLOSIVE, PLASTIC — A pliable explosive that can be 
molded into various shapes and somewhat resembles 
common putty (or modeling clay) in texture. Plastic 
explosives are easily formed into shape and as such 
can be brought into immediate contact with objects 
intended to receive their explosive output. As a re- 
sult, plastic explosives are often used for demolition. 


Formulations for plastic explosives often consist of 
RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) as the 
explosive, polyiso-butylene as a binder and motor oil 
as a plasticizer. Two commonly known plastic explo- 
sives are C-4 and Semtex. 


EXPLOSIVE, PLASTIC-BONDED — (Abbreviated PBX) 
— Either a plastically deformable explosive material 
or an explosive mixture containing an organic plastic 
substance with or without a plasticizer. An example 
would be PBX-N5, which combines HMX and a 
fluoro-rubber compound. 


EXPLOSIVE POWER — The work capacity of an explo- 
sive, usually referring to high explosives. Explosive 
power can be calculated as a percentage of the work 
done by a standard explosive based on the amount of 
heat and gas generated. 


EXPLOSIVE, PRIMARY HIGH — See high explosive. 
EXPLOSIVE PRIMER -— See primer, explosive. 


EXPLOSIVE REACTION TYPE: 


detonation — A supersonic decomposition reaction 
that propagates through the energetic material to pro- 
duce an intense shock wave with extremely high 
pressure that produces a shattering explosion in the 
surrounding medium. 


deflagration — An exothermic chemical reaction 
(i.e., combustion) in which the reaction front advanc- 
es at a subsonic speed in the unreacted material but at 
a sufficient rate to produce at least a mild explosion. 


burning -— Typically, an exothermic oxida- 
tion/reduction reaction (i.e., combustion) occurring at 
a sufficient rate to be both self-sustaining and pro- 
ducing a flame or incandescence. The reaction rate is 
less than will produce an explosion unless the burning 
takes place under strong confinement, which can then 
result in a mechanical explosion (see explosion type, 
mechanical). 
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For non-pyrotechnic burning, the oxidizer is usually 
atmospheric oxygen, which reacts with a fuel. In py- 
rotechnic burning, the oxidizer is usually a solid, oxy- 
gen-rich salt that decomposes at relatively low tem- 
peratures to release its oxygen to react with a fuel. 


EXPLOSIVES-ACTUATED DEVICE — See explosive- 


actuated device. 


EXPLOSIVE SAFETY DISTANCE -— See safety distance, 


explosive. 


EXPLOSIVES AND PYROTECHNICS NEWSLETTER 


— A monthly 4 to 6-page newsletter published since 
1968 by Franklin Applied Physics, Inc. It was orient- 
ed toward users of electroexplosive devices (EEDs), 
explosives, pyrotechnics and propellants with an em- 
phasis on safety. An example of the appearance of 
the newsletter is shown below. 


Photo Credit: Jamie Stewart 


The content of the “Explosives and Pyrotechnics” 
newsletter included descriptions of new developments 
in the field, review articles on basic topics, discussion 
of solutions to problems encountered in the use of ex- 
plosives and pyrotechnics, helpful input from readers, 
comments on new books and reports, and notices of 
training courses and professional meetings. In mid- 
2019, this newsletter was no longer being offered. 
For more information see www. franklinphysics.com 
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EXPLOSIVES, CLASSIFICATION OF — The US Bureau 
of Alcohol, Tobacco, Explosives and Firearms classi- 
fies explosives as presented below. 


Classification 


High Explosives Detonating even when 
unconfined 


Low Explosives |Deflagrating even when confined 


Blasting Agents | Very insensitive explosives 


Prior to a transition period in the late 1980s, the US 
Department of Transportation (DOT) classified (and 
some states still classify) explosives as presented be- 
low. 


Classification 


Detonating or otherwise 


Class A need ae : 
maximum hazard 


Class C Explosives _ ‘Minimum hazard 


Most countries, including the US, have now adopted 
the United Nations (UN) system for explosives clas- 
sification. With this system, all explosives are Class 1 
materials, with various Divisions that characterize the 
nature of their output, specifically as presented below. 


Classification Description 


Explosives with a mass 
|_ explosion hazard 4 
Explosives with a projection 
oe EVAZ AD nnn 
Explosives with predominantly 
|_a fire hazard 
Explosives with no ‘significant — 
| blast hazard add 
Very insensitive explosives; 
blasting agents 
‘Extremely insensitive 
detonating substances 


Class Division 1.1 
Class Division 1.2 
Class Di Division ion t3 
Class Division 1 P 
Class Division aie 


Class Division 1.6 


In addition, the UN system is divided into compati- 
bility groups, designated by a single letter following 
the class and division numbers. A few of the compat- 
ibility groups are presented below. 


[Group [Description 
A |Primary explosive 


Propellant explosive substance or other 
deflagrating explosive substance 


Secondary detonating explosive 


Effects from functioning are extremely 
limited 
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EXPLOSIVES COMPANY POWDER - See powder type 
(E.C. powder). 


EXPLOSIVES, EARLY CHRONOLOGY OF HIGH — 
Some important dates in early development and use 
of high explosives (Bebie, 1943) are presented below. 


)| Mercury fulminate discovered. i 
Nitration accomplished using nitric acid. | 


5 ’ | Nitroglycerine (*) discovered. 


Nitroglycerine safely packaged for use 
by mixing with kieselguhr (dynamite). 


91 | Detonation velocities measured. 
Trinitro-toluene (TNT) used in industrial 
explosives. 


D’autriche method for measuring 
detonation velocity introduced. 


a) Nitroglycerine is trinitro-glycerol. 
EXPLOSIVE, SECONDARY HIGH -— See high explosive. 
EXPLOSIVE SPECIAL EFFECT — See special effect. 


EXPLOSIVE SPECIAL EFFECT MATERIAL — See spe- 
cial effect material. 


EXPLOSIVE-SPHERE DEVICE (fire suppression) — See 
fire suppression system, explosive. 


EXPLOSIVE, SPRENGEL — See Sprengel explosives. 


EXPLOSIVE STRENGTH — (Also bulk strength, mass 
strength or weight strength) — That property of an ex- 
plosive characterizing its capacity to do work. Explo- 
sive strength is not a well-defined property; it is some 
function of gas yield and heat produced by an explo- 
sion, and it is related to the amount of energy re- 
leased by an explosive. One method for determining 
explosive strength (per unit weight or volume) of a 
high explosive is by comparing samples of various 
explosives in a ballistic mortar to that of a standard 
explosive, most often TNT. (See explosive output test.) 


EXPLOSIVE SUBSTANCE or EXPLOSIVE MIXTURE — 


See Globally Harmonized System of Classification 
and Labeling of Chemicals. 


EXPLOSIVE SWITCH — An electroexplosive device 


that when operated will open, close, or both open and 
close, one or more electrical circuits. 
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EXPLOSIVE, TERTIARY HIGH — See high explosive 
(blasting agent). 


EXPLOSIVE TEST CHAMBER -— See blast chamber. 


EXPLOSIVE TRAIN — A series of different explosive 
charges, in close proximity, typically running from 
the smallest and most sensitive explosive to the largest 
and least sensitive explosive. A train of explosives is 
used to cause the reliable initiation of a large insensi- 
tive explosive charge. For example, consider the ini- 
tiation of a blasting agent (e.g., ANFO). At the be- 
ginning of the train, within a detonator, a tiny charge 
of a primary high explosive initiates a small charge of 
secondary high explosive. This causes the initiation 
of a larger charge of secondary high explosive (de- 
scribed as a booster). Finally, the booster initiates the 
blasting agent. (Contrast with ignition train.) 


The distance that an explosive train covers may be min- 
imal (e.g., within the assembly of a detonator). Alter- 
natively, it may be spread over a great distance (e.g., 
the use of detonating fuse in a building demolition). 


EXPLOSIVITY — See explosiveness. 


EXPOSURE LIMIT, PERMISSIBLE — Sce toxicology 
regulatory term. 


EXSICCATION — The process whereby excess water of 
hydration is driven off by raising the temperature of 
the hydrated material. The vapor pressure of the hy- 
drate is raised above that of the atmosphere and the 
water evaporates into the atmosphere, unless or until 
the atmosphere is saturated with water vapor. The 
quantity of water that the atmosphere can hold de- 
pends on the temperature and pressure. The water va- 
por pressure is expressed as a percentage of the satu- 
ration vapor pressure at ambient temperature and is 
expressed as relative humidity. 


EXTENSIBLE PAPER — See paper, extensible. 


EXTENSIVE: PROPERTY, QUANTITY and VARIABLE 
— See variable (extensive variable). 


EXTERIOR BALLISTICS and EXTERNAL BALLISTICS 
— See ballistics. 


EXTERNAL BALLISTIC MODELING — Sec ballistic 
modeling, external. 


EXTERNALLY BURNING FUSE — See fuse type. 
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EXTRANEOUS ELECTRICITY — Any unintended and 


unwanted electrical energy (other than the firing or 
test current) that is present and may enter an electrical 
firing circuit. This includes stray ground currents, 
currents from electric power sources (e.g., batteries 
and AC power sources), static electricity (both per- 
sonally generated and from lightning) and induced 
electromagnetic energy (e.g., radios and cell phones). 


EXTRUDED, DOUBLE-BASE PROPELLANT -— (Abbre- 


viated EDB propellant) — See propellant type. 


EXTRUDED PROPELLANT — A propellant grain that is 


produced by forcing a paste or thick gel of propellant 
mixture through a die. 


EXTRUSION — A term that may be applied to either the 


process or the resulting product formed by forcing a 
material through an orifice while the material is in a 
plastic condition. This process is used in making 
plastic components of pyrotechnic devices. 


Extrusion is occasionally used in processing pyrotech- 
nic compositions, for example in the manufacture of 
some types of igniter cord. Usually compositions con- 
taining only a conventional binder (e.g., dextrin) and 
water cannot be extruded unless a plasticizer and/or 
emulsifier are included in the composition. The tiny 
cylinders that constitute some modern single-base 
smokeless powders are examples of extrusions. 


EXUDATION -— The oozing of any liquid from some 


solid mass. 


In explosives: The situation during storage in which a 
liquid component oozes from an explosive. An ex- 
ample of exudation is nitroglycerin exuding from 
straight dynamite. This condition is usually accelerated 
by high temperature. For the most part, the problem of 
exudation has been eliminated because 1) almost none 
of the dynamite used today is straight (or nitroglycerin) 
dynamite, and 2) the straight dynamite that is manu- 
factured has been stabilized to greatly reduce the 
likelihood of the nitroglycerin exuding from it. 


In pyrotechnics: When compressing (i.e., compact- 
ing) solvent-wetted pyrotechnic compositions, some 
of the solvent may exude from the mass of composi- 
tion in the process. 


EYE IRRITATION — See Globally Harmonized System 


of Classification and Labeling of Chemicals. 


EYE WASH STATION — See safety equipment. 
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F — The symbol for: farad and force constant, and the 
chemical element fluorine. 


°F — The symbol for degrees on the Fahrenheit tem- 
perature scale. 


FAA — Abbreviation for the US Federal Aviation Ad- 
ministration. 


FACE BURNING — See burn type, pyrotechnic (parallel 
burning). 


FACE SHIELD — See personal protective equipment. 


FACTOR AFFECTING BURN RATE — See burn rate, 
factor affecting. 


FAE — Abbreviation for fuel-air explosive. 


FAHRENHEIT TEMPERATURE SCALE — (Symbol: °F) 
— A temperature scale, obsolete in most of the world, 
with 32 °F as the freezing point of pure water and with 
180 equal divisions between that and boiling the point 
of pure water (212 °F) at one atmosphere pressure 
(see below). One-degree Fahrenheit equals 5/9 
(~0.56) °C; to convert between the Fahrenheit and 
Celsius temperature scale: 


°F = (9/5) x °C + 32 
°C = (°F — 32) x (5/9) 


To convert to the Kelvin temperature scale first convert 
to Celsius then: 


K = °C + 273.15 


Fahrenheit Celsius Kelvin 
Scale Scale Scale Reference 
Points 
1000° 
1200° 
600° 
1000 800° 
800° 
400° 
600° 600° 
400° 200° Weiter 
400° Boiling 
212°|4------ 100°H- ----- 373° +------ Point 
32° | aye ==> o°H----- 273° t+------ Water 
200° ~=—~Freezing 
200° Point 
-200° 
460°) F--- -2739) 4----- o-oo *-----Absolute 
Zero 
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Some corresponding temperatures are presented be- 
low. 


FAI — Abbreviation for the Federation Aeronautique 
Internationale. 


FAIL SAFE — In general, describes a state or attribute 
of a piece of equipment or a system such that any 
possible failure will not produce a harmful result with 
respect to persons or property. 


As applied to pyrotechnic and explosive electric fir- 
ing systems, a state or attribute of the system such 
that any possible failure in the system results in the 
system being disabled and totally incapable of sup- 
plying power to any firing circuit. 


FAIRING — A type of construction used to shape and 
streamline the flow of a fluid around an object. Two 
examples of fairing for the coupling of different size 
rocket body tubes are illustrated below. 


Body 
Tube ———» 


Adapter 


Fillet 


Body —> 
Tube 


When there is a substantial difference in diameters 
(left), an adapter can be used. When the difference is 
minimal, a simple fillet formed from adhesive (or 
similar material) can be used. 


FALL HAMMER SENSITIVENESS - See ignition sensi- 
tiveness (impact sensitiveness). 


FALL HAMMER TEST - See impact sensitiveness test. 


FALLING LEAVES — An aerial firework effect, released 
at height from an aerial firework shell or rocket, that 
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burns longer and falls much more slowly than ordi- 
nary firework stars. The slow rate of fall is the result 
of air resistance, typically from paper attached to the 
star composition. 


One common Chinese design consists of a slow burn- 
ing color or sparking composition in the form of a 
small cylinder of densely compacted composition that 
is attached to a rectangular piece of paper. The paper 
produces substantial air resistance and the star falls 
slowly like a tree leaf from a tree. Some falling-leaves 
shells can produce aerial displays lasting over 20 
seconds. This design is illustrated and shown below. 


Stiff paper 


Cylinder of star 
composition 


| 
= 
i 
| 


Heavily primed ————> 
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if 
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Another design for falling leaves that has been used 
in Japan consists of a rectangular stick of compressed 
star composition covered with tissue paper. The pa- 
per extends well beyond the end of the composition, 
making a tail that is approximately equal to the length 
of the composition (as shown below). 


“HEEHEEEEEEEH EERE EEE EEE 


As the star burns, with both types of falling leaves, it 
loses mass. Since the star’s air resistance remains most- 
ly unchanged, it falls progressively more slowly as it 
burns. 
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With both falling leaves designs, relatively little star 
composition is exposed to the fire of the burst charge. 
To ensure ignition, the exposed end of the composi- 
tion must be heavily primed with a slurry prime. 


A clever design for a miniature version of falling 
leaves has been used in some small Chinese consumer 
devices. It consists of some heavy paper strips about 
1-1/2-inches (37-mm) long, 3/8-inch (9-mm) wide 
and heavily coated with a slow-burning star composi- 
tion. Ten or more of these little strips of paper are 
placed parallel to one another and stacked on top of 
each other, and then one end of the stack is dipped in- 
to the star composition slurry. The resulting star be- 
gins its display resembling a single ordinary star. It 
then soon burns to the point where the individual strips 
of paper are no longer adhering to each other and the 
strips disperse into the air as they fall — each becom- 
ing a separate star. 


The falling leaves effect can also be accomplished 
with a fuse-like product described as falling leaves 


fuse. 


FALLING LEAVES FUSE — A fuse-like product that 


closely resembles visco fuse in its appearance and 
construction, but it contains a special, brightly burning 
color composition instead of Black Powder. When 
short pieces of this fuse are ignited as part of the dis- 
play of an aerial firework, it produces a relatively 
slow-falling display of colored points of light. Two 
varieties of the product are shown below (they burn 
green and red). This fuse is approximately 0.1 inch 
(2.5 mm) in diameter (the same as visco fuse) and 
burns at a rate of approximately 0.25 inch per second 
(6 mm/s). 
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Short lengths of this fuse-like product, typically % to 
1-4 inches (20 to 30 mm), are commonly used in 
consumer-firework aerial devices. To help ensure their 
ignition, one end of each piece of falling leaves fuse 
is well coated with prime. Because of their small 
mass, the individual pieces of falling leaves fuse drift 
downward slowly, even when dispersed quite violent- 
ly in a shell burst. Because of their relatively small 
physical size, a large number of cut pieces of falling 
leaves fuse can be put into a small space and the ef- 
fect in the air can be quite striking. 


Falling-leaves fuse differs from flying fish fuse (which 
is similar in physical appearance), but it jets around 
randomly in the sky to a significant degree, whereas 
falling-leaves fuse primarily falls slowly, vertically, 
producing an extended display. 


FALLOUT AREA (fireworks) — (Also fallout zone or 
clear landing area) — The large (and relatively clear) 
area adjacent to and including the discharge site of a 
firework display, where dangerous debris that is pro- 
duced during the display is intended to fall. The fall- 
out area must be free of people, vehicles and readily 
combustible material in dangerous amounts; it does 
not need to be completely clear of objects. Shown be- 
low is an example of a completely adequate fallout 
area. The presence of a few trees and a fence do not 
present a problem. 


+s 


To the contrary, although the field shown below (left) 
is devoid of everything but grass, it is not an accepta- 
ble fallout area. Since the grass is very tall and dry 
(right), it would be almost impossible to find any dud 
shells. Also, the potential for fire is high, and a fire 
would be difficult to control. 
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Under some conditions, buildings (even occupied 
buildings) are allowed in a fallout area. In the US, the 
necessary conditions are specified in NFPA-1123, 
“Code for Fireworks Displays”. 


The fallout area generally does not include the total 
area where small pieces of harmless paper from an 
aerial device may fall. Such an area would have to be 
very large because small pieces of paper from a func- 
tioning aerial shell can be carried a substantial dis- 
tance by even minor winds. This is the reason for the 
distinction between dangerous and harmless debris, 
with the fallout area being intended as the location 
where dud shells, unexploded components, pieces of 
aerial shell casings and burning items will fall. 


FALLOUT AREA (proximate audience pyrotechnics) — 


For pyrotechnic special effects, this is the area that 
immediately surrounds the device and into which any 
debris from the functioning device will fall. In the US, 
the radius of the fallout area (1.e., the fallout radius) is 
an important consideration in determining the mini- 
mum separation distance from the device to the audi- 
ence. 


FALLOUT, FIREWORK — Residual material of conse- 


quence that is produced by aerial fireworks and falls 
to the ground in the proximity of functioning fire- 
works. Smoke is not considered fallout because it 
remains airborne for a protracted time. 


Of most concern are dud aerial shells and dud aerial 
shell components that fall to the ground during a 
firework display. Fallout also consists of debris such 
as scraps of cardboard, plastic and paper, small tubes, 
stars and leg wires after the normal performance of 
an aerial firework. In addition, fallout can be the tiny 
bits of chemical residue and ash produced by a func- 
tioning firework device. For example, the liquid dross 
from glitter is extremely alkaline and hygroscopic. If 
such dross enters someone’s eye, it will be quite 
painful and may require medical attention. Similarly, 
glitter dross falling on the paint of an automobile can 
result in the paint being seriously damaged. Debris 
from functioning devices is mostly a minor hazard. 
Yet, since the pieces of debris may still be hot or 
smoldering, there is potential for harm. 


The potential for harm from fallout of various types 
is the reason for having a fallout area. Dangerous 
fallout must land in the secured fallout area of a fire- 
work display and not be allowed to rain down upon, 
or be propelled into, spectators. 
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FALLOUT RADIUS (proximate audience pyrotechnics) 
— In the US, fallout radius is defined as a line that de- 
fines the fallout area of a pyrotechnic device in 
NFPA-1126 “Standard for the Use of Pyrotechnics 
before a Proximate Audience”. That fallout radius is 
then used to establish the minimum required audience 
separation distance, which is twice the fallout radius. 
This works well, provided it is assumed that the fall- 
out area is roughly circular in shape. In many situa- 
tions, the fallout area is definitely not circular. Con- 
sider for example, the situation where a gerb is fired 
at a significant off-vertical angle as illustrated in the 
elevation view below. In that case, the fallout area is 
something like that illustrated in the plan view below. 


(Elevation View) 


Angled 
Gerb 
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Stage (Plan View) 
Angled 
Gerb —" 


In this case, it is far from clear what should be taken 
as the fallout radius and then used to establish the re- 
quired minimum audience separation distance. This 
problem is discussed further in the entry separation 
distance (proximate audience pyrotechnics). 


FALLOUT ZONE — See fallout area (fireworks). 
FALLS — See waterfall. 
FAN BOX or FAN CAKE - See multiple-tube display type. 


FAN CHASE and FAN CURTAIN — See front (fan wipe 
and front (fan curtain), respectively. 


FANCY — See aerial shell name and description (spe- 
cific). 


FANCY MATCH - A term used in India for a firework 
match. Also, see Bengal (Bengal match). 
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FAN FINALE BOX — See multiple-tube display type 


(description) (fan cake). 


FAN FRONT and FAN WIPE — See front. 


FAN RACK — A framework used to position firework 


devices (including mortars) in an array that spreads 
their effects across the sky. An example of a pair of 
fan racks designed to position an array of large-bore 
Roman candles is shown below. 


Racks of similar design but made from a variety of 
different materials are often used to hold arrays of 
aerial shells, comets, mines and fountains (or gerbs). 
A set of fan racks loaded with a large collection of 
firework mines is shown below. 


FAR — Abbreviation for the US Federal Aviation Reg- 


ulation and Federal Acquisition Regulation. 


FARAD — (Symbol: F) — The derived SI unit of electri- 


cal capacitance. It is named after the English natural 
philosopher Michael Faraday (1791-1867). One far- 
ad is the capacitance of a capacitor in which a charge 
of one coulomb produces a potential difference of 
one volt (V): 


_1A-s 
V 


1F 


One coulomb is the amount of electric charge resulting 
from one ampere of current flowing for one second. 
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FARFALLA -— (Italian for butterfly, plural is farfalle) — 
A type of shell insert producing an especially wide, 
dense trail of sparks. An example of the farfalla effect 
is shown below. 


Photo credit: Dan Chubka 


The inserts are typically made by compacting the 
spark-producing composition into a tube (illustrated 
in cross section below on the left). 
Clay Plug 
End Disk 


Flash Powder 


«<— Paper Tube 
Black Match 


Spark 
Composition 


Clay Plug 


Usually, the spark-producing composition is hand- 
made Black Powder with an added spark-producing 
material such as granular titanium. Because the igni- 
tion hole passes completely through the device, it pro- 
duces a pair of opposing spark-producing jets. This 
explains the wide, dense spark trail and results in the 
inserts not being self-propelled. Presumably, these de- 
vices are described as butterflies because, when seen at 
close-range, the dual sprays of sparks are reminiscent 
of the wings ofa butterfly with the tube being its body. 


In an alternative design, a 
portion of the spark produc- 
ing composition is replaced 
with a charge of flash pow- 
der (illustrated above on the 
right and shown at the right). 


In this case, after an initial 
period of spark production, 
each device functions as a 
small salute. An example of 
the effect is shown below. 


Photo credit: Dan Chubka 
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Photo credit: Dan Chubka 


In the first image (left), the shell has just exploded; in 
the second image, the farfalla effect is seen surround- 
ing the central cluster of red stars; and in the final 
image, a circle of titanium reports has appeared. 


The near perfect circle of effects is the result of the 
careful placement of the farfalle in the shell (below left) 
and the use of a centrally located break charge of 
Black Powder (below, right), with stars and polvero- 
ne between the Black Powder grains. 


Photo credit: Dan Chubka 


On occasion, if the vent holes are angled or non- 
symmetric in some way, the devices may self-propel 
themselves in some manner. In that case, they would 
be better described as serpents, fish or tourbillions. 
FAST-BURNING VISCO — See vis-quick fuse. 
FAST-LITE CANDLE -— See candle, birthday cake. 


FAST RESPONSE (sound) — See sound pressure level 
measurement. 


FaT MAN II - See firework, largest. 

FAWKES -— See Guy Fawkes and Guy Fawkes Day. 
FAX — Abbreviation for fuel-air explosive. 

FB — Abbreviation for Fireworks Business. 


fe — The symbol for foot candle. 
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Fa — The symbol for drag force. 
Fe — The symbol for the chemical element iron. 


FEATHERWEIGHT RECOVERY — A form of rocket re- 
covery (e.g., a streamer or minimal parachute) that re- 
lies upon aerodynamic drag and the light weight of 
the rocket’s airframe after ejecting the power assem- 
bly (which should have its own recovery system). 
This recovery method can only be used for very 
lightweight rockets. 


FEDERAL AVIATION ADMINISTRATION (US) — 
(Abbreviated FAA) — The US agency that controls air 
traffic, including rockets. 


FEDERAL AVIATION REGULATION (US) — (Abbre- 
viated FAR) — Regulations promulgated by the US 
Federal Aviation Administration (FAA) to control air 
traffic, including rockets. The FAA also enforces 
regulations for identifying, packaging and marking of 
explosives or fireworks transported by air. Some 
FARs control the conditions under which model and 
high-power rockets may be launched. 


FAR 101 — The Federal Aviation Regulation by 
which the US Federal Aviation Administration de- 
termines the procedures to be followed for the launch 
of amateur rockets. The rule is quite complicated and 
beyond the scope of this entry, but briefly, it divides 
amateur rockets into three classes for the purpose of 
regulation: 


Class 1 — Model Rocket: A model rocket has a gross 
launch weight of less than 1,500 grams (53 ounces) and 
contains rocket motor(s) with less than a total of 125 
grams (4.4 ounces) of a slow-burning propellant. The 
model rocket is to be constructed of paper, wood or 
breakable plastic and contains no substantial metal 
parts. 


Class 2 — High-Power Rocket: A high-power rocket is 
a rocket exceeding the limitations for a model rocket 


that is propelled by a motor(s) producing less than 
40,960 newton-seconds (9,208 pound-seconds) total 
impulse. 


Class 3 — Advanced High-Power Rocket: An amateur 
rocket exceeding the limitations for a model rocket 


and a high-power rocket. 


All amateur rockets must follow the provisions of 
FAR 101.23 General Operating Limitations. High- 
power and advanced high-power rockets must also 
comply with FAR 101.25, 101.27 and 101.29. 
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FEDERATION AERONAUTIQUE INTERNATIONALE — 
(Abbreviated FAI) — An international organization 
based in Paris, France that tracks world records for 
aeronautics and aero-modeling. For more infor- 
mation, visit their web site: www. fai.org. 


FERRIC FERROCYANIDE — See iron(II!) ferrocyanide. 
FERRIC OXIDE — See iron/(III) oxide. 


FERROALUMINUM - [Fe/Al] — {CAS none} 


Ferroaluminum alloys are useful as high-energy fuels, 
in firework glitter compositions and to produce bright 
yellow sparks. There is a range of alloys of iron and 
aluminum, typically containing 35 to 65% aluminum. 
They are silvery metals. 


Health information: TLV: none established for iron or 
aluminum in this form. 


UN hazard classification: not regulated. 


FERROCENE — [Fe(CsHs)2] — {CAS 102-54-5} — (Also 
dicyclo-pentadienyl iron or _ bis(cyclopentadienyl) 
iron) 

Ferrocene is occasionally used as a burn-rate catalyst. 


It is a light orange crystalline solid with a characteris- 
tic odor similar to that of camphor. 


Characteristic (a) 


Formula weight 186.03 g/mol 


Enthalpy of formation 


a) Code for reference source, see preface. 
Health information: TLV-TWA: 10 mg/m’. 


UN hazard classification: PSN: flammable solids, or- 
ganic, n.o.s.; HC: 4.1 — flammable solid (UN1325). 


FERROSILICON — [Fe/Si] — {CAS 8049-17-0} — (Al- 
so ferrosilicium) 


Any one of a range of alloys of iron and silicon, con- 
taining 15 to 90% silicon and often 1 to 2% calcium 
and aluminum, with the balance being iron. These al- 
loys are dark grey, lustrous solids or black-gray pow- 
ders. Ferrosilicon is useful as a high energy fuel in 
prime compositions and has potential to produce 
sparks. Japanese pyrotechnist Takeo Shimizu (1912— 
2011) recommended ferrosilicon as a fuel in primes 
but warned that its mixtures with red lead (i.e., lead 
ILU,IV oxide) are easily ignited by friction, for ex- 


Encyclopedic Dictionary of Pyrotechnics 


ample by simply cutting paper that has been coated 
with such a mixture and dried. Ferrosilicon is a more 
reactive fuel than might be expected. 


Health information: PEL-TWA: 15 mg/m (total dust), 
5 mg/m? (respirable dust). 


UN hazard classification: not regulated. 
FERROSOFERRIC OXIDE — See iron(II, III) oxide. 


FERROTITANIUM — [Fe/Ti] — {CAS none} 


Ferrotitanium alloys are useful as high-energy fuels 
and to produce bright yellow sparks. The alloys con- 
tain a range of iron and titanium. Standard commer- 
cial grades of ferrotitanium contain either 40 or 70% 
titanium; other ratios are also produced. The alloys 
are silvery metals. 


Health information: TLV: none established for iron or 
titanium in this form. 


UN hazard classification: not regulated. 
FERROUS OXIDE - See iron(II) oxide. 


FESTIVAL BALL — Originally, a trade name for a spe- 
cific consumer firework product. It is now common 
to describe any miniature spherical aerial shell, de- 
signed to be loaded into a mortar and fired in a man- 
ner similar to a display firework shell, as a festival 
ball. These shells typically have a diameter between 
1.5 and 2.2 inches (38 and 55 mm). Recently in the 
US, this type of reloadable aerial shell has been lim- 
ited to 1.75 inches (44 mm) in diameter. 


Originally, the shells were usually painted red and 
produced a display of somewhat weakly propelled 
colored stars. The shells included a lift cup contain- 
ing a lift charge and were designed to be lowered into 
a reusable cardboard mortar. The colors produced by 
the stars included red, white, green and sometimes 
blue. The colors were often indicated with a colored 
thread used as the shell’s suspender ring or by 
splotches of colored paint applied on the outside of 
the shell. In the 1970s and 80s, some festival balls 
were color coded by painting the entire shell casing. 
There were red, green and white shells. 


It was common for festival balls to be sold in kits of 
6 or 12 shells with a mortar, as shown below. 


Formerly, the ignition fuse was a thin version of 
quick match that was just barely long enough to reach 
beyond the mouth of the mortar. This fuse terminated 
with a short length of visco fuse as its delay element 
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(shown below). Unfortunately, this method of fusing 
proved to be unpredictable in its performance. 


WARNING 
jOOTS FLAMING 


ts rrr 
¥ 1 To 
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fast-burning visco-like fuse (sometimes referred to as 
vis-quick fuse), as shown below. The new fuse burns 
at approximately 2 inches per second (50 mm/s), 
about four times faster than visco fuse, and it runs 
continuously for the full length of the mortar to the 
lift charge. This fuse provides a more consistent burn 
time than the original fuse. 


c E 
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For a brief time before the development of vis-quick 
fuse, a very fast burning type of spun fuse, burning at 
approximately 1 foot per second (300 mm/s), was used. 
A short piece of conventional visco fuse was attached 
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to the ignition end of the fast burning fuse as a delay 
element. 


The aerial shell time fuse typically used in the origi- 
nal festival balls consisted of pieces of twisted Chi- 
nese tissue-paper fuse (i.e., firecracker fuse) enclosed 
in a paper wrap (shown below on the left). This fuse 
took fire quite reliability from the burning lift charge 
without needing to be primed. Currently produced 
shells are commonly provided with a version of Bick- 
ford-style time fuse similar to that used on display 
firework shells (shown below on the right). 


The original festival ball shells burst quite weakly, 
spreading their stars no more than 40 feet (12 m) in 
diameter. Their break charge was a small amount of 
rough Black Powder — little more than loose priming 
from the stars. In strong contrast, current festival ball 
shells generally burst powerfully, maximizing the 
spread of their contained effects. It is common for the 
small, high-quality stars from these shells now to 
spread to a diameter of as much as 150 feet (45 m). In 
part, the reason for the more powerful shell burst is 
the use of improved break charge in a more strongly 
constructed shell. Today, it is also common for the 
shells to contain a wide variety 
of effects including _ glitter, 
strobe, spinners, whistles, small 
salutes and high-quality star 
colors. 


Other somewhat recent devel- 
opments are the production of 
cylindrical and multibreak re- 
loadable spherical shells (shown 
at the right), which often have 
individual breaks of varied siz- 
es. Although only distant cous- 
ins to the original festival balls, 
these shells are still often re- 
ferred to as festival ball shells, 
especially by people old enough 
to remember the original festi- 
val balls. 
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Formerly, festival balls were also sold in bulk, with- 
out a lift cup or lift charge and with no leader fuse. 
These little shells were then used in several ways. In 
public displays, many bulk festival ball shells could 
be fired from a larger mortar as a festival ball mine, 
or by simply adding them to a mortar containing a 
larger shell (see aerial shell enhancement technique). 
Bulk festival balls were also sometimes used by 
American companies as inserts in larger aerial shells 
or in the assembly of consumer firework devices. 


FESTOON — A decoration consisting of a chain of 


flowers, lights or other decorations, suspended from 
both ends. Festoon can also be used as a verb, to in- 
dicate the process of installing such decorations. 


In fireworks: A festoon may consist of several flares 
or other devices (producing colored lights, spark ef- 
fects, etc.) suspended from a cord or wire with the 
ends attached to two poles (illustrated below) or from 
columns or other building components. Another type 
of suspension can be a pair of parachutes suspending 
a string of devices deployed from an aerial shell or 
rocket (also illustrated below). 


FIBERGLASS — Fine threads of glass, often spun into 


thin cordage and woven into textiles or made into 
batting for use as insulation. Also, the composite ma- 
terial consisting of a spun glass textile impregnated 
with a polymerized resin, usually a polyester resin. 
Such fiberglass is strong and lightweight; it has been 
used to manufacture everything from aircraft parts to 
firework mortar tubes. A collection of 4 to 6-inch 
(100 to 150-mm) fiberglass mortars is shown below. 
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Fiberglass mortars have the advantage of not shatter- 
ing into as highly dangerous fragments (in contrast to 
some other mortar types) when pressure builds to 
levels sufficient to cause the mortar wall to fail. For 
an example of the result of over pressurization of a 
fiberglass mortar, see mortar (fireworks). For this 
reason, fiberglass mortars (and HDPE mortars) have 
gained the reputation of being the safest of firework 
mortars in common use. 


FIBERGLASS RESIN — See polyester resin. 


FIBER REINFORCED EPOXY — (Abbreviated FRE) — 
A subset of fiber reinforced polymer or fiber rein- 
forced plastic materials. A material composed of fi- 
bers, such as glass or carbon, and bound in a matrix 
of an epoxy polymer. 


FIBER REINFORCED PLASTIC — (Abbreviated FRP) — 
A material composed of fibers, such as glass or car- 
bon, bound in a polymer matrix. The primary 
strength of the material is due to the fiber and the 
main purpose of the polymer is to distribute stress 
somewhat evenly to the fibers. The fibers prevent the 
propagation of cracks through the polymer, thus in- 
creasing its strength. The fibers may be single-strand, 
yarn made of multiple single strands, woven as cloth 
or as shorter, randomly oriented pieces of fiber. For 
critical applications (1.e., for greater strength), the fi- 
ber is oriented in the direction of the expected stress. 
Some firework mortars are made of FRP using either 
an epoxy or polyester polymer and glass fiber. Some 
high-power rocket tubes (e.g., motor casings and air- 
frames) are made of FRP and carbon fiber may be 
used for an even greater strength-to-weight ratio. 


FIELD CONTROLLER - See firing unit, electrical (au- 
tomated firing unit). 


FIELD EXPEDIENT PROCESS OR METHOD ~— A rela- 
tively simple process or method of manufacture, uti- 
lizing readily available materials. These processes 
may be needed in combat behind enemy lines or in 
guerrilla warfare. 


FIELD-EXPEDIENT METHOD FOR MAKING BLACK 
POWDER — See coacervation. 


FIELD MODULE - See firing unit, electrical. 
FIGUREHEAD BOMB - See foy cap bomb. 


FIGURE OF INSENSITIVENESS — See impact sensi- 
tiveness test. 
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FILAMENT TAPE -— See fape type (strapping tape). 


FILLER — A material used to add to the bulk of a mix- 


ture or substance, or to fill the pores or imperfections 
in an object. 


In_aerial shells: Filler also refers to inert materials 
such as sawdust or rice hulls, used to fill the void 
spaces within an aerial shell. This adds structural in- 
tegrity to the shell and restricts the movement of in- 
ternal components. In some cases, for example a par- 
achute shell, the filler may occupy half the volume of 
the shell casing and helps to protect the parachute 
from the fire of the burst charge. 


FILLET — A type of reinforcement for the joint between 


two pieces of material. This has the mechanical effect 
of easing the stress at the point of connection. 


In rocketry: A fillet is often used to strengthen and to 
some extent streamline the joints between two body 
parts (e.g., fin and rocket body, launch lug and rocket 
body, or wing and aircraft fuselage) An example of a 
fillet is illustrated below in cross section. 


Body Tube 


Fillets on aeromodels may be made using only glue (or 
epoxy), or they may be built up with any of several 
types of filler material added to the glue. For rocket 
fin attachment, even greater strength can be achieved 
by a method described as through-the-wall. 


In some cases, the fillet also serves as a fairing to re- 
duce aerodynamic drag. 


In fireworks: Because of the additional strength pro- 
vided, fillet welds (as opposed to butt welds) are the 
recommended way to weld mortar plugs onto metal 
mortars. A fillet of glue (or epoxy) and string is 
commonly used to strengthen the attachment of the 
time delay fuse to an aerial shell (see aerial shell fus- 
ing (Bickford fuse)). 


FILLET WELD — See weld. 


FILM COOLING — See nozzle cooling. 
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FILTER — As a verb — to separate components of a 
mixture, by means of a device that will transmit one 
or more components while retaining others, as in the 
physical separation of liquid coffee from coffee 
grounds. 


As a noun — the means (e.g., the filter paper) by 
which such a separation is accomplished. 


Filter can also refer to the optical removal of some 
undesirable wavelengths of light, the electrical re- 
moval of undesirable frequencies of electricity or the 
mathematical processing of a data set to remove 
anomalous results. 


FIN (aerodynamic) — A surface used to guide or pro- 
vide stability to an object while traveling in air or 
other fluid. 


In rocketry: An aerodynamic surface projecting out- 
ward from a rocket body’s surface and usually per- 
pendicular to the tangent of the rocket’s body at that 
point. A fin is either a fixed or adjustable airfoil or 
vane that is attached longitudinally to the rocket to 
provide directional stability and guidance through the 
interaction with airflow past its fins. A simple set of 
model rocket fins is shown below (left). 
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In_ fireworks: A firework rocket with fins is now 
commonly (and somewhat inappropriately) described 
as a missile, but historically such a rocket would have 
been described as a finned rocket or an asteroid rock- 
et. A firework rocket’s fins perform the same func- 
tion as the fins on an amateur rocket, although it is 
somewhat common for them to be less carefully 
aligned. An example of a well-made firework rocket 
with fins is shown above (right). 


FINALE — A rapidly fired sequence of fireworks (i.e., a 
barrage), typically composed principally of aerial 
fireworks, fired at the end of a display. Although an 
oxymoron, in the US, the term finale is often used to 
describe the firing of a somewhat prolonged barrage 
any time during a display (e.g., an opening finale or a 
mid-show finale are possible descriptions). An exam- 
ple of the appearance of an early portion of a finale 
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(before smoke has begun to seriously obscure the 
shellbreaks) for a modest-size aerial display is shown 
below. 


Photo Credit: Tom Calderwood 


A finale commonly consists of chains of 3-inch (75- 
mm) shells; as an economy measure it is becoming 
increasingly common to use 2.5-inch (63-mm) shells. 
Where the budget will allow, 4-inch (100-mm) and 
larger shells are also sometimes used. A finale typi- 
cally consists of various colored star shells, some- 
times alternating with salutes, and often concluding 
with only salutes. Individual finale chains may also 
consist of shells of a single color, to produce coordi- 
nated waves of color effects in a finale. A finale may 
also consist of mines, comets, barrage units (such as 
multiple-tube devices and bombardo racks), ground 
salutes and special effect devices. Sometimes, in a 
particularly grand display, the finale will conclude 
with the firing of one (or sometimes more) particular- 
ly large shells, bursting at a great height and often re- 
leasing brocade effects that burn almost to ground 
level. 


Design considerations for finales: Because of the 
large number of shells fired during a finale, a large 


number of mortars will be used, typically within a 


Photo Credit: Ralph Chamberlain 
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The timing between individual shell bursts of a finale, 
and thus its overall intensity, should be adjusted based 
on the needs of the show design. For example, in a 
modest finale of only 100 or 200 shells to fill a span 
of approximately 300 feet (90 m) before an audience, 
one would want the shells to be fired more slowly 
than in a very large finale, consisting of 600 to 1200 
shells and intended to span a width of more than 
1000 feet (300 m). 


The timing between individual shell firings in a finale 
is normally approximately 0.5 second, so for the 
smallest finales, the normal firing rate of finale 
chains may be too fast. The firing rate of an individu- 
al chain can be reduced a modest amount by one of 
the methods of slowing quick match burning. 


When fired electrically, the finale chains can be kept 
relatively short and each individual chain fired with 
an electric match. In this way, the pace of firing can 
be controlled to coincide with the time allotted for the 
finale. When it is desirable to halt the firing of the fi- 
nale at a predetermined point in time (such as to end 
at the completion ofa piece of music), electric matches 
can also be installed in the tail end of some of the last 
finale chains to be fired to back burn those chains. 


For the largest and most intense finales, the timing 
between individual shell firings may be less than 0.1 
second, so the normal firing rate of finale chains 
would be too low. The rapidity of firing can be in- 
creased by simply increasing the number of individual 
finale chains being ignited and fired at the same time. 
Except possibly when only firing salutes, much of the 
dramatic effect of a finale will be lost if it is fired too 
rapidly, with all the bursts merged into a jumble, 
quickly obscured by the resulting smoke. 


Finales fired in large displays are often designed to 
produce tiers (layers of shell bursts occurring at dif- 
ferent elevations, typically accomplished by using dif- 
ferent size shells). When the effects in the various 
layers are to be closely coordinated in time, one must 
consider the aerial shell pre-fire time (i.e., rise time) 
of the different size shells. For example, on average a 
6-inch (150-mm) shell will take approximately 2 sec- 
onds longer to reach its bursting height than a 3-inch 
(75-mm) shell. Thus, if the goal is to have coordinated 
3 and 6-inch shells bursting at the same time, then the 
6-inch shells must be fired 2 seconds before the 3- 
inch shells. 


Another design consideration is the audience’s per- 
spective (i.e., how far the audience will be from the 
finale). If most of the audience will be within approx- 
imately 500 feet (150 m), such as a show fired imme- 
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diately adjacent to a stadium, a somewhat different 
strategy needs to be used than if the audience is sev- 
eral thousand feet (a few thousand meters) away, 
such as in a display fired from barges in a harbor. If 
the audience is reasonably close, small shells will ap- 
pear more impressive and a layering of shell effects 
will be less effective (because the layering will not be 
as readily apparent to the audience) than for displays 
fired at a greater distance from the audience. 


Similar considerations are necessary for the common 
design feature of firing a very large and truly magnif- 
icent shell at the conclusion of the color portion of a 
finale. For those spectators close to the display, (less 
than perhaps 800 feet, 240 m) the large shell’s size 
will appear reduced because it will break at an eleva- 
tion substantially higher than the finale shells and 
will tend to merge with those lower-breaking shells. 
On the other hand, to spectators a greater distance 
away a large shell will appear well separated above 
the finale shells and very much larger. (See aerial 
shell apparent angular diameter.) 


finale safety considerations — The distance from 
the nearest spectators to the finale mortars is a critical 
safety consideration. Finales by their very nature have 
increased risk for a number of independent reasons. 
The foremost reason is that essentially all finales are 
chain fused; if something goes seriously wrong once 
the chain is ignited, there is no practical way of inten- 
tionally terminating the firing. 


Dangerously re-aimed mortars: An example of some- 
thing going seriously wrong during the firing of a fi- 


nale would be a mortar explosion that destroys the in- 
tegrity of a mortar rack, which results in re-aiming 
nearby mortars. The re-aimed mortars could then fire 
shells into spectator areas or into other mortars that 
could in turn be re-aimed and fire shells into specta- 
tor areas. When spectators are at a greater distance, if 
such a problem occurs, spectators are less likely to be 
injured. In the US, when chain-fused shells in mortar 
racks of typical wooden construction are being used, 
it is a requirement to double the safety distance to 
spectators. The possibility of something going seri- 
ously wrong is also one important reason for having a 
finale composed of several smaller chains with each 
individual chain needing to be intentionally ignited. 
This will produce an overall sustained display, but 
one that is capable of being interrupted (by ceasing to 
ignite additional chains) if a safety problem develops. 


When a rack falls over or is destroyed as the result of 
a mortar explosion, it is more likely that the mortars 
in the rack will become aimed toward the sides of the 
original rack position, rather than toward its ends. 
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Thus, it is more likely that errant shells firing from a 
tipped or damaged mortar rack will be fired in direc- 
tions to the sides of the rack. In the image below, a 
burn streak in the grass (red arrows) documents the 
trajectory of a shell fired from the mortar (blue ar- 
row) that recoiled out through the bottom of the 
tipped-over mortar rack. 


Accordingly, the more dangerous direction surround- 
ing a chain-fused mortar rack is toward its sides (il- 
lustrated below). 


Top View of Mortar Rack 


Less Safe Direction 
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In the past, it was common to place chain-fused finale 
racks running parallel to the secured spectator bound- 
ary for the main spectator area, as illustrated below. 


on 


GSSGGSe GSOSGSR (BeGGeSR 005000 


Less Safe 
Orientation 


Unfortunately, this places spectators in the more dan- 
gerous position, to the side of the racks. For this rea- 
son, in the US, it is now generally required that finale 
mortar racks be placed perpendicular to the secured 
boundary for the main spectator area, as illustrated 
below. 
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Required 
Orientation 


Recommended 
Firing Direction 


In addition, it is recommended that the firing of shells 
in the racks begin at the end of the racks nearest to 
spectators. If that is the case, in the event mortars be- 
come reoriented, it is more likely that any mortars 
that may become aimed at spectators will have been 
fired). The same orientation and firing sequence are 
recommended for finales fired from mortar troughs. 


When mortar racks are so strongly constructed that 
mortars cannot be re-aimed to threaten the safety of 
spectators, there is no requirement for added distance 
from those mortar racks. As a practical matter, about 
the only racks with this level of strength are those de- 
scribed as matrix mortar racks that are made with 
multiple layers of interlocking steel members. 


The problem with finale mortar racks tipping over 
while firing can be reduced when the racks are well 
secured in position with metal stakes or by wide legs 
to the sides with weights (e.g., sandbags) on them, 
but this does little to prevent mortars that have been 
damaged by an explosion from being dangerously re- 
aimed. This is of particular concern for that portion of a 
finale that is almost exclusively composed of salutes. 


The use of boxed finales presents a greater risk than 
finale mortar racks regarding dangerously re-aimed 
mortars in the event of a mortar explosion. This is 
because boxed finale mortars are in very close prox- 
imity one to another, usually are not especially 
strongly secured together as a group and are usually 
not especially strongly secured in place. A useful way 
of mitigating the potential mortar re-aiming problem 
with boxed finales is to use barricades, at least on the 
spectator side. 


Short fusing: There are at least two good reasons to 
use one of the methods described as short fusing. 
This entails the frequent securing of the finale chain 
quick match to the structure of the rack with tape, 
wire or cordage. One way to short fuse is to use cotton 
string or strong tape as shown below (red arrows). 
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The use of staple guns for short fusing must be avoided, 
because on occasion they create energetic, mechani- 
cally produced sparks that shoot out with a staple as 
the staple gun functions. As a result, staple guns have 
caused the accidental ignition of quick match and 
have resulted in fatal and near fatal accidents to the 
user. Additionally, in the unlikely event that the 
quick match was manufactured (or contaminated) 
with potassium chlorate, its presence may also seri- 
ously increase the sensitiveness of the quick match to 
impact and friction. 


The first reason to use short fusing is that, in the 
event of a mortar exploding in the rack and destroying 
the rack, it is less likely that firing will continue. This is 
because when the rack is damaged, it is more likely 
that the chain fusing will be severed in the process. If 
the firing ceases, then no shells will be fired in dan- 
gerous directions from mortars that have been reposi- 
tioned. 


The second reason for short fusing is related to a 
physical characteristic of quick match. As a length of 
quick match burns, the advancing flame front pro- 
ceeds more quickly than the time taken for the strings 
within the black match to be burnt to the point of to- 
tally losing their tensile strength. Accordingly, while 
rare, it is possible for the firing of one aerial shell to 
lift-out (i.e., pull) an adjacent shell from its mortar 
before that adjacent shell’s lift charge has fired. When 
such an event happens, the lifted-out shell will not be 
propelled into the air, but rather it will come to rest on 
the ground in the general area of the mortars. When 
that shell subsequently explodes, it can damage nearby 
racks or mortars, or ignite other fireworks. 


The shell lift-out problem can be eliminated using short 
fusing. In this way, instead of a shell being lifted out, 
the quick match fuse will likely be pulled apart. 


Mid-air shell collisions: Another potential safety prob- 
lem for finales results from having many shells being 
fired in rapid succession and in close proximity to each 
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other. This presents the possibility of mid-air shell 
collisions with the potential to redirect the trajectories 
the shells involved. Although not very likely, there 
have been occasions when this has led to serious ac- 
cidents to spectators. This is another situation where 
increased distance to spectators increases their safety. 
Another potential cause of mid-air shell displacement 
is if one shell explodes powerfully in the immediate 
vicinity of a second shell, causing the second shell to 
veer substantially off course. 


Chain-fused_shell reloading: A safety consideration 
for finales, in the US, is that, even for displays in 
which some mortars will be reloaded during a dis- 
play, all mortars used to fire chain-fused shells must 
have been loaded prior to the start of the display and 
cannot be reloaded during the display. 


Undetected hangfires: Because of the rapidity of fir- 
ing of many shells during a finale, it is not possible to 
ascertain whether hangfires have occurred. Thus, it is 
imperative to assume that some shells may remain in 
their mortar after a finale has been fired. Because 
some shells can hangfire for as long as 30 minutes or 
more before eventually firing, there is potential for a 
crew member to be injured should a shell fire while 
finale racks are being disassembled. 


The locating of any finale hangfires (or misfires) may 
be accomplished either by probing into each mortar 
with a stick, or by looking into each mortar with a 
small mirror on a stick. In either case, great care must 
be taken not to have any body part over the mortar as 
it is being checked. With the stick method, this can 
be accomplished by having a handle on the stick that 
is off to the side (somewhat like a walking cane). 
With the mirror method, the mirror can be attached to 
a stick and reflected light from a flashlight used to 
shine into the mortar by way of the mirror. 


A sometimes-recommended way of detecting a hang- 
fire (or misfire) is to place a piece of tape directly over 
the muzzle of each finale mortar. When the finale is 
over, a crew member who finds a mortar with tape 
still in place knows that mortar contains an unfired 
shell. The problem with this technique is that the muz- 
zle blast from the firing of a nearby mortar will some- 
times cause the removal of pieces of tape from adja- 
cent mortars. Therefore, the absence of tape may not 
reveal a shell remaining unfired inside a mortar. 


Probably the most common (but not necessarily the 
safest) method to deal with the potential for finale 
hangfires is to wait for an hour or more before working 
with the racks (or sand boxes) used for the finale. 
Then, the racks of mortars can be carefully tipped 
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over to allow any contained shell to slide out. If this 
approach is used, it is highly recommended that per- 
sonal protective equipment be worn, including eye 
and face protection, during this exercise. 


Undetected dud shells: Because of the rapidity of fir- 
ing ofa large number of shells during a finale, it is not 
possible to ascertain whether any dud shells have oc- 
curred. Thus, it is always prudent to assume that some 
dud shells (and dud components) have come to rest in 
the fallout area and to conduct a thorough search, 
even when no duds have been detected during the 
body of the display. A first-light re-check of the fall- 
out area should be conducted by experienced crew 
members the following morning. 


finale performance-related problems — Several 
things can happen that prevent finales from being fully 
effective. 


Incomplete chain firing: The most-likely performance 
failure mode is when a chain of shells fails to fire 
completely. This problem can have many different 
causes, one of which is when the firing of the shells 
pulls apart the finale chain ahead of the advancing 
flame front in the quick match. To some extent, this 
can be eliminated by tightly connecting the individual 
short lengths of quick match comprising the chain. In 
addition, the use of short fusing (discussed above) 
will greatly reduce the likelihood of the finale chain 
being pulled apart as shells fire. 


The incomplete firing problem becomes more signif- 
icant when there are more shells in the chain. Ac- 
cordingly, the problem can be mitigated by firing a 
series of shorter chains or by having pre-installed 
chain-fused re-ignition points along the length of a 
long chain of shells. (The use of reignition points pre- 
vents a pyrotechnist from attempting to reignite a fi- 
nale by burning through a piece of quick match, at 
which time shells would begin to fire instantly, 
providing no time to retreat safely.) These reignition 
points may also be ignited with electric matches. 


Accidental ignitions: Early or otherwise unintentional 
ignitions (i.e., from sparks or burning debris) are al- 
ways a concern with finales. Some protection is gained 
by severely limiting the amount of quick match that 
is exposed. Additional protection can be achieved by 
covering any exposed quick match with aluminum 
foil. It is a common practice to cover the individual 
finale racks with heavy aluminum foil for spark and 
moisture protection (shown below). The aluminum 
foil must be very securely attached to the racks or 
mortars, or it will be easily removed by even a gentle 
breeze or by nearby muzzle blasts from firing shells. 
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Finally, it is significantly advantageous if short, indi- 
vidually fired finale chains are used, as that will pre- 
clude losing an entire finale from the accidental igni- 
tion of a single portion of the finale. 


FINALE BARRAGE -— See finale and barrage, firework. 


FINALE BOX — (Also boxed finale) — A series of 


chained-fused mortars housed in a box (usually card- 
board, but sometimes wooden) that is ignited by a 
single ignition to then fire rapidly. The mortars in a 
finale box can range in diameter from less than | inch 
(25 mm) to as much as 4 inches (100 mm). 


Finale boxes may be used just for portions or all of a 
finale to a firework display, or whenever a barrage of 
rapidly fired aerial shells is desired. A finale box can be 
hazardous, especially if it contains salutes, because 
an in-mortar explosion can result in the catastrophic 
destruction of the box and result in mortars firing 
shells in dangerous directions. This can be mitigated 
with the use of heavy wooden or metal enclosures as 
barriers. 


An example of a 25-shot finale box, with 3-inch (75 
mm) mortars, is shown below. On the left, the finale 
box is just being opened in preparation for its being 
strongly secured in place. On the right is the same fi- 
nale box after having been fired. 


Photo Credit: A. J. Thieblot 


A finale box may also be described as a multiple-tube 
device or cake. Examples of two finale boxes (com- 
posed of | inch, 25 mm, mortars) are shown below. 
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If the multiple-tube device is designed to fire its con- 
tents in a direction other than straight upward, it may 
be described by terms that suggest how it will fire, 
for example, as a fan cake, Z-cake, V-cake or W-cake 
(see multiple-tube display type). 


Itis common in boxed finales (especially small caliber 
units) to have the lift charge loaded into each mortar 
loose under the aerial shell. Chain fusing is then ac- 
complished by running a fuse to or through the bot- 
tom of each mortar just above its plug (see bottom- 
fused mortar). Occasionally, larger boxed finales (3 
to 4 inches, 75 to 100 mm) may consist of shells that 
are conventionally chain fused with quick match from 
the top. Some higher quality boxed finales consisting 
of many mortars may come in wooden boxes (i.e., 
small crates with hinged lids) as shown below. 


The added strength provided by the wooden crate is 
an aid in keeping the contained mortars safely aimed 
in the event of a mortar explosion, but this does not 
guarantee that errant shells will not be fired in dan- 
gerous directions. 


In the past, 3-inch, chain-fused mortars housed in a 
wooden box were described as a boxed finale. These 
devices were more prone to cause problems if one of 
the mortars in the wooden box exploded, than if the 
mortars had been contained in a wooden rack, which 
typically is stronger and provides greater separation 
between the mortars. 


In EU countries, boxed finales (i.e., multiple-tube de- 
vices) with mortars up to 30 mm (1.2 inches) are 
classed as shot tubes in the UN default scheme and 
the European standard EN14035. 


FINALE CHAIN — Several aerial shells that are chain 
fused together (most often using a bucket chain made 
of quick match), so the shells ignite and fire one after 
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another in relatively quick succession. A typically 
constructed finale chain of 3-inch (75-mm) shells is 
shown below. 


Such chains, commonly available in units of 5, 10 or 
12 shells, are designed so that individual chains can 
be readily connected to form longer chains. The use 
of finale chains allows many shells to be fired within a 
short time interval. A finale in a major firework dis- 
play might contain a total of 1000 shells or more. Finale 
chains are commonly fired from mortars in racks, as 
shown below. 


Photo Credit: Ralph Chamberlain 


For reasons of safety and reliability, large finale chains 
should be structured as several individual shorter 
chains. In electrically fired displays, each of the short- 
er chains may possibly consist of as few as 10 or 20 
shells. Each smaller chain would then be ignited with 
an electric match on a separate firing cue. This has 
the performance advantage that, should an unintend- 
ed ignition occur during an earlier portion of a dis- 
play (such as from burning fallout), the entire finale 
will not fire prematurely. 


Using multiple firing cues in a finale also makes it 
possible to better control the rate of firing, preventing 
the shells from firing either too quickly or slowly. 
The use of multiple shorter chains has the safety ad- 
vantage of greatly limiting the number of shells that 
might come to fire in unsafe directions due to a mor- 
tar explosion destroying or repositioning one or more 
of the finale mortar racks. 
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FINALE RACK — A wooden or metal frame (i.e., a mor- 
tar rack) used to support several mortars (typically 5, 
10 or 12) for firing chain-fused aerial shells during a 
firework display. The mortars used in finale racks are 
commonly 2.5 inch (63 mm), 3 inch (75 mm) or 4 
inch (100 mm), although any size mortar may be 
used to accommodate the shells to be fired. Finale 
racks differ in no substantial way from other racks 
used to hold mortars for firing individual shells such 
as may be used during the body of a display. 


Finale racks are sometimes designed to fire at an an- 
gle to help fill the sky with bursting aerial shells all 
fired from a relatively small discharge site. When 
mortars are angled, it is necessary to expand the dis- 
play site in the direction(s) in which the mortars are 
aimed (see separation distance (firework display)). 


FINALE SHELL — Usually a 2.5, 3 or 4-inch (63, 75 or 
100-mm) shell of relatively inexpensive construction 
and designed to be fired in large numbers in the finale 
of a firework display. Finale shells may have asym- 
metric bursts because, when viewed in large numbers, 
spectator perception of symmetry may mostly be lost 
in the mass of shell explosions. Finale shells are typi- 
cally provided already chain fused to be easily used. 


FINAL MASS (rocketry) — The mass of a rocket once its 
propellant is consumed. 


FINENESS RATIO — The ratio of the length of a body 
to its maximum diameter (i.e., caliber) or to some 
equivalent dimension as illustrated below. 


Low 
Fineness 
Ratio 


High 
Fineness 
Ratio 


Shapes that are short and wide have a low fineness 
ratio, whereas those that are long and narrow have a 
high fineness ratio. A fineness ratio of 16 to 20 is of- 
ten used for high-performance model and high-power 
rockets. 
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FINES — Powder or granules that have passed through 
the last (and finest) sieve in the process of grading 
and separating a mixture of variously sized particles. 


FINISHING COMPOUND — A material, such as butyrate 
dope, sanding sealers and wood fillers, used in the 
construction and finishing of aeromodels. These ma- 
terials may be used to improve the smoothness of a 
rocket’s surface (to reduce drag) before painting. For 
fabric-covered models, these materials may be de- 
scribed as a sizing compound and will improve the 
fabric’s stiffness and imperviousness to air. 


FINOCYL — Abbreviation for fins-on-cylinder. See 
propellant grain geometry (rocketry) (finocyl grain). 


FIN STABILIZATION (rocketry) — A method of stabi- 
lizing a projectile or missile during flight using fins. 
(See rocket flight stabilization method.) 


FINTUNA — See Maltese firework term. 


FIRE — (noun) — The result of burning, typically includ- 
ing the production of flame, heat, light and sometimes 
smoke. 


(verb) — To ignite a firework or rocket, or to initiate 
an explosive. This may occur directly, such as by ap- 
plying fire to a fuse, or indirectly, such as by an elec- 
tric igniter. 


FIREBALL — The luminous zone of high temperature 
reaction products produced by a rapidly burning or 
exploding substance. Depending on its persistence, a 
fireball will rise some distance into the air. An example 
of a fireball is shown below. This was produced by a 
small special effect item described as a mortar hit. 
This fireball reached a height of, and has a diameter 
of, approximately 12 feet (4 m). 


Examples of fireballs produced by the burning of 1, 3 
and 9-pounds (0.45, 1.4, and 4.1 kg) of unconfined 
piles of 2Fg Black Powder are shown below. Each 
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pile was ignited by an electric match positioned at the 
bottom center of the pile. 


The photographs were captured from video with an 
exposure of 1/60 second at the point of the maximum 
diameter of the fireball. The diameters of the fireballs 
were approximately 12, 18 and 30 feet (3.6, 5.5 and 
9.1 m) for the 1, 3 and 9-pound charges, respectively. 


For slow burning materials, the luminous region of 
reaction products is more commonly described as the 
flame envelope (see flame). 


In some old firework literature, the term fireball is 
used for a ball of flame composition intended to be 
ignited and thrown, usually by hand, but sometimes 
from a mortar. Such devices were used in firework 
displays and as incendiary devices for war. 


FIREBALL PRODUCER, MAGICIAN’S — See magic 
device. 


FIREBALLS (rocketry) — Originally an experimental 
rocketry launch hosted by AERO-PAC. The empha- 
sis was on very large advanced amateur rockets (K 
impulse motors or greater). Traditionally, Fireballs 
was held on the Monday after LDRS, but it was never 
formally a Tripoli Rocketry Association launch. The 
1992 Fireballs was sponsored by Tripoli for the pur- 
pose of insurance coverage and subsequently they 
adopted the event with a name change to BALLS. For 
more information and a link to current events, visit 
their website: www.rimworld.com/balls. 
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FIREBALL SHOOTING MAGIC WAND - See magic de- 


vice. 


FIREBRAND — Burning or high temperature material 


that is propelled from its point of origin and that may 
cause the ignition of other material in the area. For 
example, when a firework aerial shell malfunctions 
and explodes near ground level, the burning stars 
would be considered to be firebrands. 


FIRE CLASSIFICATION — A code letter used to identify 


the four basic fire types. Fire extinguisher type are 
characterized by the type(s) of fire for which they are 
suitable, for example, a pressurized water extinguisher 
is only suitable for a class A fire. 


Class A fire: A fire involving flammable solids such as 
wood, paper, plastic or cloth. 


Class B fire: A fire involving flammable liquids such 
as oil or gasoline. 


Class C fire: A fire involving powered electrical 
equipment or circuits. 


Class D fire: A fire involving combustible metals. 


FIRE CLAY — Any of a collection of clays that, when 


baked, form ceramics of low thermal conductivity. 
These ceramics are capable of withstanding very high 
temperatures without breaking down. For this reason, 
fire clay may be used as a component in forming the 
nozzles in small rockets and other fireworks, such as 
drivers, gerbs and fountains. 


FIRECRACKER -— (Also cracker or Chinese cracker) — 


An exploding firework, originally developed in China. 
In the US today, the standard-size firecracker is ap- 
proximately 1.5 inches in length by 0.25 inch in diam- 
eter (37 by 6 mm) and the limit on its powder content is 
0.77 grain (50 mg). A firecracker is differentiated from 
another relatively small but powerfully exploding 
firework, referred to as a salute (such as an M-80 or 
silver salute), by the nature of its construction. A 
firecracker will typically contain a relatively small 
amount of powder (commonly flash powder in the 
US, but Black Powder is also (or even exclusively) 
used in other countries, depending on local regula- 
tions) in a comparatively thick-walled tube. This is 
shown at the right in transverse cross- 
section; the gray material in the center 
is flash powder and the tan material is 
the paper casing, and it is illustrated 
below in longitudinal cross section. 
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Powder Charge Te Paper Casing 


The powder charge will usually constitute roughly 
10% of the total weight of the firecracker. In contrast, 
evenasmall salute will have a relatively large amount 
of powder in a comparatively thin-walled tube (illus- 
trated below in cross section). Typically, the powder 
charge of a salute will constitute roughly 50% of the 
total weight of a salute. 


Paper Tube 
Powder Charge 


Paper 
End Plug 


A series of images of the explosion of a 50-mg flash 
powder firecracker is shown below. The total span of 
time between the first and last image is approximately 
0.004 second (but the time intervals between images 
are not evenly distributed). In the first image (upper 
left), the fuse has just burned into the interior of the 
firecracker. In the second image (upper right), after 
0.001 second, the fire jetting from the ignition of the 
flash powder has already become visibly extreme, but 
the firecracker has not yet begun to burst. In the third 
and fourth images (middle), each after only another 
0.0001 second, the firecracker has burst and the fireball 
from the burning flash powder is seen to begin expand- 
ing. In the fifth image, after another 0.0001 second, the 
fireball has reached its maximum extent. In the final 
image, after another 0.002 second, the fireball has dis- 
sipated (and is replaced with smoke), and fragments of 
the firecracker can be seen leaving the area. 


Typically, firecrackers are sold in packs or strings 
with a number of firecrackers linked together by their 
individual Chinese tissue-paper fuses, as shown be- 
low. The number of individual firecrackers in a pack 
may be only a very few or as many as several thou- 
sand in a string described as a celebration string. In 
this string, the firecrackers are traditionally wrapped 
exclusively in red paper, and a head or finale cluster 
may contain several hundred additional firecrackers 
that explode near simultaneously creating a finale ef- 
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fect. Packs of 16 firecrackers (shown below) are prob- 
ably the most common string size. 


EHH HEH + {14 


boyy 
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AAAS 
As completed units, firecrackers are relatively safe to 
handle and transport. They are subject to exploding 
individually if they are exposed to fire, but even in 
very large quantities (a million or more) they do not 
produce a mass explosion. Each year at the Pyrotech- 
nics Guild International convention, bundles of multi- 
millions of firecrackers are burned without incident 
in a display described as a Super String. 


In the past in the US (and still today in some other 
countries), significantly larger firecrackers have been 
(or are) allowed. A range of firecracker sizes is 
shown farther below. 


Currently, only the two smallest firecrackers (on the 
extreme right) are available in the US. Black Powder 
may be used as the explosive composition in some of 
the larger-size firecrackers. 


Firecracker compositions: In the past, and still by 
regulation in some countries today, firecrackers were 
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made using Black Powder as their bursting charge. 
Many Chinese-manufactured firecrackers (described 
as flash crackers) contain a flash powder made from 
potassium chlorate, fine flake aluminum powder and 
sulfur. The two formulations presented below date to 
the mid 20" century (Weingart, 1947); analyses of 
relatively recent production firecrackers still some- 
times find potassium chlorate, fine flake aluminum 
powder and sulfur. While such compositions are con- 
sidered to be extremely hazardous, firecrackers con- 
taining them have been used in huge quantities for 
many decades. Accidents associated with the use of 
these products are usually the result of carelessness 
on the part of the person firing them, and commonly 
only that person is hurt. At worst, people might be in- 
jured if an irresponsible person should throw ignited 
flash crackers at them. In contrast, accidents during 
the manufacturing process have been devastating, re- 
sulting in many people being killed, or maimed, or 
severely burned. See firecracker history. 


50 


Occasionally today, a small amount of granular tita- 
nium may be added to produce a spark effect as the 
firecrackers explode. 


Firecracker failure modes: The most common failure 
mode of the firecracker is that the small diameter and 
somewhat delicate Chinese tissue-paper fuse fails to 
successfully burn through the end crimp of the fire- 
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cracker tube, which results in a dud (i.e., unexploded 
firecracker). There are two common ways of crimping 
the fuse in place. In standard-size and larger fire- 
crackers, the crimp is typically accomplished by fold- 
ing inward some of the inner wraps of paper that 
make up the tube of the firecracker, as shown below. 
This type of crimping is accomplished by a small di- 
ameter blunt tool to fold-in a portion of the firecrack- 
er’s casing. 


For smaller firecrackers, also described as ladyfinger 
crackers, the crimp is often accomplished by collapsing 
the tiny tube against the fuse near the end of the tube, 
as shown below. This is accomplished with the use of a 
tool consisting of a pair of pivoted sheet metal blades, 
arranged so that one blade slides over the other, much 
as in a pair of scissors. Each blade is provided with a 
V-shaped notch, and these notches are aligned so that 
they form a 4-sided hole that gets smaller as one 
blade moves towards the other. When the end of a 
cracker is pushed into the hole and the blades are 
moved towards each other, the end of the case is 
pinched between the two notches, forming the crimp. 


Some manufacturers of firecrackers have solved the 
problem of fuses being damaged by crimping by using 
a recently developed, very thin (approximately 0.04 
inch, 1 mm) version of visco fuse. This fuse product 
is much stronger and more resistant to damage than 
Chinese tissue-paper fuse. Another firecracker con- 
struction technique, more common in the past, used 
clay to plug the ends of firecrackers. This method is 
still common in Mexico, but if it is used to make large 
firecrackers the clay plugs can pose a serious projec- 
tile danger to persons in the immediate area. 


Another common reason for the failure of a fire- 
cracker is that an inadequate amount of (or even no) 
powder has been loaded into the firecracker. This 
problem is especially likely in the very smallest fire- 
crackers because of the very small opening and the 
tiny amount of powder used. 
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For many years, firecrackers sold in Canada were 
charged only with Black Powder. Today in Canada, 
all firecrackers are classified as display fireworks. 


FIRECRACKER BRICK — A collection of paper fire- 
cracker packages often wrapped in red glassine paper 
that somewhat resembles a red masonry brick. A 
brick of firecrackers can be small, or it may be quite 
large, having thousands of crackers in a single brick. 
Typical brick labels may be interpreted as follows: 
“1'4 80/16’ means that there are 80 packs of 14-inch 
crackers with 16 firecrackers per pack. Bricks often 
have their own distinctive label. Examples of a brick 
of firecrackers and a brick label are shown below. 


LAY ON GROUND-LIGHT FUSE-ReTipe Serr 


FIRECRACKER CANNON - (Also firecracker gun or toy 
cannon) — In the past in the US, particularly during 
4" of July celebrations, cannons were popular for 
producing loud noise. A type of small cannon 
evolved that did not require a cartridge loaded into its 
breech or the loading of an explosive charge by way 
of its muzzle. The source of its powder was a fire- 
cracker. 


Such a miniature toy cannon was usually made of 
cast iron and designed to have the firecracker loaded 
either down its muzzle or into its breech. In the ex- 
ample shown below, the firecracker was inserted into 
the hole near the back of the cannon. Some versions 
of the firecracker cannon could also propel a light- 
weight ball or other similar projectile safely, also 
shown (right) in example below (without firecracker). 


Photo credit: Brent Ellis 
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Firecracker cannons came in many varieties and sizes. 
They were most popular in the mid to late 19" century. 
This simple cannon design was also safer for the fire- 
cracker user since it removed the chance of having a 
firecracker explode in one’s hand. 


firecracker pistol — Eventually, toy pistols were al- 
so produced that required a firecracker to be loaded 
in the muzzle (shown below without a firecracker). 


Photo Credit: Michael and Randy Feldman 


Newer generations of toy pistols were made for use 
with toy caps, incorporated a physical mechanical 
mechanism for firing the caps. This design improve- 
ment allowed for lower cost and safer ammunition 
that did not require the inconvenient action of lighting 
a fuse. 


FIRECRACKER COLLECTABLE — See collectables, 
firecracker. 


FIRECRACKER FUSE — See Chinese tissue-paper fuse. 
FIRECRACKER GUN - See firecracker cannon. 


FIRECRACKER HISTORY — During the Han Dynasty 
in China (ca. 200 BC), it was discovered, presumably 
by accident, that when green bamboo stems were 
burned in a fire, they create a small, but relatively 
loud, explosion when the internally produced steam 
bursts the stem. Soon thereafter, it was realized that 
such a loud noise could be useful for frightening evil 
spirits or wild animals. The word pao-chuk, Chinese 
for firecracker, translates as bursting bamboo. 


Records from the Tang Dynasty (ca. 1000) document 
the discovery of vigorously burning mixtures of po- 
tassium nitrate and combustibles that would eventually 
lead to the development of Black Powder. While the 
details of the origin of the firecracker are lost in time, 
the birthplace was certainly China. Chinese legend 
attributes the invention to a monk, Li Tian, who lived 
in Liuyang, in Hunan Province, some 1000 years ago. 
Liuyang is still a center of the Chinese firework man- 
ufacturing industry and imaginative statues of Li Tian 
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can be seen there. His memory is honored each year 
on April 18. 


The English monk Roger Bacon (d. 1294) described a 
children’s toy about the size of a thumb that was 
clearly a firecracker. This was the first European de- 
scription of such a device. 


In the early 20" century, Black Powder was replaced in 
firecrackers by versions of the flash powder, which 
was being used at that time for flash photography. 
The flash powder used in firecrackers was based on 
aluminum, not magnesium. The introduction of alu- 
minum-based flash powder in firecrackers is widely 
attributed to British-born American pyrotechnist 
Thomas Gabriel Hitt (1874-1958), who came to 
North America in 1899 and soon established a fire- 
work company in Washington State. In 1918 Hitt was 
awarded US Patent 1,253,597 for a new powder for 
use in firecrackers. It consisted of 16 parts potassium 
perchlorate, 14 parts aluminum powder and 5 parts of 
sulfur. The following year Hitt, along with his wife’s 
cousin Wilfred E. Priestley (1881-1947) and a Mr. 
Woo Gen, founded the ‘Hitt Flash Cracka Company’ 
to exploit this invention. A few years later Priestley 
went to China and engaged the services of a young 
Chinese man, Wu Yuen Pan, to set up a factory in Hong 
Kong to make firecrackers with the new powder for 
export to the United States. The factory was estab- 
lished in an abandoned smallpox hospital in a remote 
area. Within a few weeks of starting operation, the 
factory exploded on February 25, 1921, killing 32 
workers and injuring 56. A new factory was set up in 
Macau in 1925, employing over 1000 workers. It ex- 
ploded on 30 December 1925, killing over 100 peo- 
ple and injuring at least another 300. Despite this ter- 
rible beginning, the use of flash powder in Chinese 
firecrackers soon became common practice. 


The replacement of the original potassium perchlorate 
with the less expensive potassium chlorate would have 
been an obvious development and would have made 
an already dangerous mixture even more sensitive. 


The change to flash powder-based firecrackers created 
a new class of firecrackers, popularly described as 
flash crackers (also described as flash firecrackers or 
flashlight crackers). Flash crackers were considerably 
more powerful than Black Powder firecrackers, pro- 
ducing a sharper and louder report. The improved 
performance of these new firecrackers resulted in the 
decline of the use of Black Powder-based firecrack- 
ers, except in countries, such as Canada and Australia, 
where flash powder firecrackers were not allowed. 
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Over the years, many sizes of firecrackers were man- 
ufactured; these ranged from the large cannon cracker, 
which superficially resembled a stick of dynamite, 
down to the diminutive ladyfinger. Firecrackers have 
also been assembled into many different size packages, 
commonly referred to as packs, ranging in count from 
a few individual crackers to the common 16-piece 
pack and larger, as well as long folded strings con- 
taining hundreds of crackers and even to huge cele- 
bration strings, long wheel-shaped rolls that in some 
cases contain several thousand firecrackers. 


Firecracker packs usually have a label that names and 
describes the contents. Some labels are simple mono- 
chrome images containing product name, country of 
origin, firecracker size (typically length) and quantity 
of firecrackers. On the other extreme, pack labels can 
be elaborate (sometimes extremely elaborate) and 
colorful. These fancier labels can be highly ornate and 
depict numerous subject matters. As would be ex- 
pected, this art form has become very popular with 
collectors (see collectables, firecracker). 


FIRECRACKER PISTOL — See firecracker cannon. 


FIRECRACKER, SAFETY - A style of firecracker pa- 


tented by American inventor Koby Kohn in 1925 (US 
Patent 1,563,379) as a safe (or safer) version of the 
cannon cracker available at the time. The safety fire- 
cracker has its powder charge at one extreme end of 
its relatively long tube. The remainder of the tube 
was empty of powder and had two series of small cir- 
cumferential holes, with an internal closure between 
the sets of holes (illustrated below in overall appear- 
ance, upper, and in cross section, lower). 


Casing Holes vY_\ Fuse | 


Paper Casing 


Flash Powder 


At the time, as now, many users of firecrackers did 
not heed the warning about not holding the item in 
one’s hand while lighting. As a result of the rather 
great powder content of the cannon cracker of the 
time, serious hand injuries were somewhat common 
when the device exploded while still being held. In 
theory, the safety firecracker would prevent the most 
serious accidents by having the user only hold the 
empty tube in the hand. Then, if the firecracker did 
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explode prematurely, the holes and internal closure 
would help to deflect much of the fire and explosive 
force away from the user’s hand. 


Based on a survey of old firework catalogs, the safety 
firecracker never gained much popularity. 


FIRECRACKER, TWICE EXPLODING — (Also twice- 
sounding cracker, two shot repeater, double voice or 
double banger) — Any of a large variety of consumer 
fireworks that function to produce a pair of explo- 
sions. For the most part, in the US, these devices are 
no longer available. The smaller of these units have 
either been replaced by multi-shot units and Roman 
candles firing reports, or they have ceased to be im- 
ported because of safety concerns. The most power- 
ful of these units (and some were very powerful in- 
deed) were banned in the US by the Child Protection 
Act of 1966 and subsequent regulations. 


Twice exploding firecrackers fell into two general 
categories: (1) those that discharged a salute into the 
air from a small mortar with a base, and (2) those that 
functioned essentially without a mortar. 


Device with a mortar: This type of item (more com- 
mon in the US) was fitted with a base (typically 
wooden) and fired its second exploding charge high 
into the air. In effect, this was a small, single-shot 
aerial shell, in which the shell was a salute. The basic 
nature of the construction of this type of unit is illus- 
trated below in cross section. 


Top Disc 


Salute Powder 


Fuse —— 
Lift Charge 


A typical device had a mortar length of about 5 inches 
(125 mm), and a diameter of a little less than 1 inch 
(25 mm). Some of these items discharged a very 
powerful salute often containing | or 2 grams of sa- 
lute powder (and in the most powerful devices, per- 
haps as much as 10 grams of a flash powder). The sa- 
lute powder was not always flash powder; Black 
Powder was also used. Similar devices, commonly 
called ‘Air Bombs’, were once popular in the UK, but 
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have been prohibited there for many 
years. An example is shown to the 
right. 


With this type of device, the first of 
the two explosions was simply the 
firing of the salute high into the air, 
leaving the mortar intact. Less com- 
monly, some of these devices had a 
flash powder lift charge that would 
destroy the mortar upon its firing. 


Some other names for these items 
were: Double Lantern Salute, Thun- 
der Kings, Flashing Thunder and 
Sammy Shot (some of these names 
are in current use but mostly for dif- 
ferent devices). 


Device without a base: This type of 
item was developed in China and 
has a long history. In essence, it was 
a two-chambered firecracker, con- 
structed as illustrated below in cross 
section. “When this is lighted, the 
explosion in this (first) chamber 
throws the cracker high into the air where the second 
charge explodes” (Williams, 1927). 


Powder Charge 
Plug 


The size of this type of device varied quite widely. 
Typical the tube length ranged from as little as 2 inches 
(50 mm) to as much as 8 inches (200 mm) or more, 
with the diameter ranging from about 3/8 to 1’4 inch 
(9 to 32 mm). The powder charge in these devices was 
Black Powder, a flash powder or both, with the larger 
devices mostly having Black Powder charges. 


A cut-away view of a current production twice ex- 
ploding firecracker is shown below, where A is loose 
clay, B is a lift charge (apparently of rough Black 
Powder, C is tightly compacted clay through which a 
delay fuse is run, D is a charge of flash powder, and 
the casing is open for a short distance at its two ends. 
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Paper Casing Ignition Fuse 


Paper Plug 


Photo credit: Tom Wenke 


These items were used in one of two ways. The pru- 
dent way was to place the device carefully on its end 
with the side-fused end toward the lower end, as of- 
ten indicated by an arrow on the label. If it remained 
in that orientation during the first explosion, the re- 
mainder of the device 
would be propelled into 
the air, where it would 
then explode. For these 
devices, typically the first 
powder charge was Black 
Powder, which was less 
violent and_ principally 
acted as a_ propelling 
charge. 


A label from a device of 
this type (dating to the 
1950s) is shown at left. 


STAND ELECT. LIGHT FUSE.GET AWAY QUICKLY 


Photo Credit: Hal Kantrud 


Note the instruction at the 
top of the label, to “STAND 
ELECT.”, (i.e., STAND ERECT) be- 
fore lighting the fuse. Also, note the 
arrow and text indicating the intended 
upward direction. Other names for de- 
vices of this type were Heaven and 
Earth, and Double Voice (shown to 
the right) and dating to before 1950). 
Again, the instructions were to stand 
the device erect (the words ‘surface 
errect’ (sic) are visible at the lower 
end of the device. 


The second way to use this type of 
device was to simply place the item on 
the ground without directing it upward 
and light its fuse (or as commonly 
done, light the fuse and toss the item 
on the ground). A label from a device 
of this type (also dating to the 1950s) 
is shown below. Note the barely read- 
able instruction near the bottom of the 
label, “LAY ON GROUND LIGHT 


Photo Credit: 
FUSEGET AWAY QUICKLY”. Hal Kantrud 
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Photo Credit: Hal Kantrud 


With this mode of use, the location of the second ex- 
plosion was much less predictable and less safe for 
those persons in attendance. 


FIREDAMP — The flammable gas methane [CHa] that 
occurs naturally in coalmines is sometimes described 
as firedamp. 


FIRE, DARK — See color-change relay. 
FIRE DIVISION WALL — See firewall. 
FIRE DUST — See spark (pyrotechnic spark). 


FIRE EXTINGUISHER, PYROTECHNIC — Pyrotechnic 
devices are commonly thought of as agents for causing 
fires, either accidentally (as in mishaps with consumer 
fireworks) or deliberately (as with military incendiar- 
ies). Perhaps surprisingly, pyrotechnics have been used 
in firefighting for a long time. During the Great Fire 
of London, in December 1666, the British Navy used 
gunpowder to demolish houses in the path of the fire 
and successfully prevented the fire from spreading. 


More recently, pyrotechnic devices that extinguish 
the fire, rather than merely interrupting its path, have 
been proposed. In 1880 American inventor Lewis A. 
Folsom was awarded a patent (US 228,621) for an 
automatic fire extinguisher consisting of two vessels, 
one within the other; the outer vessel contained an ac- 
id, and the inner one contained a solution of sodium 
carbonate. The inner vessel also contained a cartridge 
of Black Powder (or other pyrotechnic charge) pro- 
vided with a waterproof fuse that communicated with 
the outside. In the event of a fire, the fuse was auto- 
matically ignited by the flames of the conflagration 
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and, in turn, the fuse ignited the explosive charge. 
This ruptured the two vessels, allowing the two solu- 
tions to mix and generate large quantities of carbon 
dioxide to smother the fire. 


This early patent included two concepts that have 
been applied in several later devices. First is the use 
of pyrotechnically or explosively generated gas to ac- 
tivate a fire extinguisher or to disperse fire extin- 
guishing substances. For example, American inventor 
John M. Giblin was awarded a patent in 1885 (US 
310,888) for a fire extinguisher that used an explo- 
sive charge to disperse either liquefied sulfur dioxide, 
or (preferably) a solution of sulfur dioxide in aqueous 
ammonia. In 1905 American inventors Moses R. Poole 
and Alpheus J. Bartlett were granted a patent (US 
798,623) for a fire-extinguishing grenade in which an 
explosive charge dispersed an unspecified dry-powder, 
fire extinguishing material. These devices also incor- 
porated the second concept in Folsom’s invention, 
namely, the automatic activation of the device by the 
ignition of its fuse by the fire that was to be extin- 
guished. Poole and Bartlett suggested that the fuse 
might advantageously be ignited before the grenade 
was thrown into the fire, thus avoiding any possible 
delay in its ignition that might ensue if the fire alone 
were relied upon to activate the grenade. 


Many other patents were subsequently issued for vari- 
ous fire extinguishers in which pyrotechnically, or ex- 
plosively, generated gases dispersed fire-suppressing 
materials. As recently as 2004, Thai inventor Wora- 
dech Kaimart was granted a patent (US 6,796,382 
B2) for a fire-extinguisher very similar in concept to 
Poole and Bartlett’s device of almost a century earlier. 
He claimed, as advantages, the low cost of the device, 
its simplicity of use, and the fact that it was so small 
and so inoffensive in appearance, that it could be in- 
stalled or stored almost anywhere without aesthetic 
objections. The casing was preferably made of light- 
weight expanded plastic foam; the explosive charge 
was evidently a commercially-available flash cracker 
firework. The fire extinguishing powder could be any 
of several known types, as appropriate for the appli- 
cation. Such a device, approximately 6 inches (150 
mm) in diameter, was found to be capable of dispers- 
ing fire-extinguishing agent over a radius of 6 feet (2 
meters) or more around the point of explosion, without 
risk of more than trivial injury to persons in close 
range of (or even in direct contact with) the device. 


Another approach to pyrotechnic fire extinguishers is 
exemplified by the patent (US 3,972,820) awarded to 
American inventors Harold E. Filter and Don L. Ste- 
vens in 1976. These inventors followed the approach 
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used to generate colored, insecticidal or irritant 
smokes, in which a pyrotechnic mixture generated 
heat and gas that dispersed a vaporizable substance as 
an aerosol. Examples of some compositions cited in 
the patent for fire extinguishing are presented below. 


Formulation — | Parts by Weight 


These formulations are presented for historical interest 
only. While they were highly efficient in extinguish- 
ing flammable liquid fires, they would be unaccepta- 
ble by modern standards because of concerns about 
the environmental persistence of hexabromobenzene. 


A more recent approach to pyrotechnic generation of 
fire-suppressants is exemplified by the patent (US 
4,601,344) awarded to American inventors Russell 
Reed, Jr, May L. Chan and Kenneth L. Moore in 
1986 and assigned to the US Navy. This patent dis- 
closes several pyrotechnic compositions that, when 
ignited, generate large volumes of nitrogen gas. This 
effectively extinguishes fires by excluding oxygen, 
and the compositions are completely free of any ad- 
verse effects on the environment. Pyrotechnic nitro- 
gen-generating fire extinguishers were said to be 
preferable to conventional pressurized CO, (carbon 
dioxide) extinguishers because they did not require 
constant monitoring or checking. Examples of com- 
positions from the patent are presented below. 


Formulation —| Parts by Weight 
Ingredient | 


al | ace 


: C@ 


a) The quantity for all formulations is 


0.005. 


Formulations 1 and 2 were thoroughly mixed with a 
solvent such as dichloromethane to facilitate incorpo- 
ration, warmed to 54 °C (130 °F), pressed into granules 
or tablets, and cooled. Formulation 3 was mixed, 
poured into a gas generator canister and cured at 54 °C 
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(130 °F) for 1 to 5 days. Formulations 1 to 3 generated 
80, 62 and 73 grams of nitrogen gas per gram of 
composition. 


Many patents have subsequently been granted for as- 
pects of fire-extinguishing systems based on solid- 
state gas generators. 


FIRE EXTINGUISHER RATING — Fire extinguishers 
are commonly rated using a letter identifying the fire 
classification (A, B or C) for which they are suited 
and a numeral corresponding to their relative extin- 
guishing capability for fires of the various classifica- 
tions. For example, a 5-B extinguisher is suited for a 
class B fire (flammable liquid) and will possess ap- 
proximately five times the suppression capability of a 
1-B extinguisher in fighting a class B fire. 


FIRE EXTINGUISHER TYPE — Fire extinguishers are 
most commonly identified by the type of fire sup- 
pressing material they dispense. They may also be 
identified by the various fire classifications for which 
they are suitable. 


water extinguisher — (Also pressurized water ex- 
tinguisher) — A fire extinguisher dispensing water as 
its fire-suppression material. Water extinguishers are 
suitable only for class A fires, those involving flam- 
mable solids such as wood, paper, plastic or cloth. 


CO), extinguisher — A fire extinguisher dispensing 
carbon dioxide [COz] as its fire-suppression material. 
CO> extinguishers are best suited for class B and C 
fires (i.e., those involving flammable liquids and 
powered electrical equipment, respectively. 


Class A,B,C dry-chemical extinguisher — A fire 
extinguisher dispensing dry, powdered chemicals 
(e.g., sodium hydrogen carbonate or a combination of 
ammonium phosphate and ammonium sulfate) as its 
fire-suppression material. Dry-chemical extinguishers 
are suited for class A, B and C fires, but not for Class D 
fires. Burning magnesium, for example, can react ex- 
plosively with all the chemicals mentioned above as 
fire-suppression agents. 


Class D dry-chemical extinguisher — A dry- 
chemical fire extinguisher dispensing dry, powdered 
chemicals (e.g., sodium chloride or graphite) chosen 
for their effectiveness in extinguishing fires involving 
burning metals. Class D dry-chemical extinguishers 
are specifically intended for use only on fires involving 
burning metals. 


Also see fire suppression system, explosive and fire 
extinguisher, pyrotechnic. 


Encyclopedic Dictionary of Pyrotechnics 


FIREFLY EFFECT -— (Also transformation effect, tran- 
sition effect or charcoal-aluminum effect) — A special 
star effect in which the burning star produces highly 
fragmented and fine spark particles that contain un- 
burned aluminum as fuel. As these orange dimly- 
glowing, semi-reacted spark particles fall through the 
air, after a delay of usually two or more seconds, the 
aluminum contained in the dimly glowing sparks ig- 
nites to produce a bright white (i.e., aluminum) spark 
effect. The overall appearance is one of a persistent 
orange carbon tail effect that transitions to give rise 
to a delicate silver (or white) rain effect. 


The effect has a relatively long duration and is achieved 
with an oxidizer-deficient formulation having nearly 
half of its weight as charcoal (example formulations 
are presented below). 


Formulation — Parts by Weight 


Ingredient | (1) | (2) | (3) | (4) 


Presumably air float. 

18 — 30 mesh flake aluminum (flitters). 

20 — 40 mesh flake titanium. 

Glutinous rice starch. —_ e) Nitrocellulose lacquer. 

f) Dextrin. 

1&4) Hardt, 2001. 2) Lancaster, 2006. 3) Shimizu, 1988. 


This effect can be difficult to achieve. Ordinary dex- 
trin binders may inhibit the effect, and the stars may 
be bound with a minimum of thin wheat paste (wall- 
paper paste) or other binders. This leaves the stars 
crumbly but sturdy enough to survive an ordinary cy- 
lindrical aerial shell burst. The effect depends on 
relatively coarse flake aluminum (18 to 30 mesh flit- 
ter aluminum) that resists ignition during the initial 
burning of the composition and only ignites later as 
the hot particles fall through the air. 


FIRE FRONT — (Also flame front) — The region of active 
burning in a column or mass of pyrotechnic composi- 
tion. 


For a parallel burning item (see burn type, pyrotech- 
nic), the fire front is the relatively thin reaction zone 
moving along the length of the composition as it is 
consumed. For example, in a burning firework time 
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fuse, the fire front progresses relatively slowly along 
the powder core of the fuse as the powder is consumed. 
Similarly, in other parallel-burning devices (e.g., a 
comet, lance or flare), the fire front advances gradually 
along its length until it reaches the end of the compo- 
sition. 


For a propagative burning item (see burn type, pyro- 
technic), the fire front is the furthest point of flame as 
it progresses rapidly along the length of the burning 
composition as it is being consumed. For example, in 
burning firework quick match, the fire front pro- 
gresses rapidly along the fire path between the match 
pipe and the black match core. Similarly, for other 
propagative burning materials (e.g., the granular lift 
charge and break charge of an aerial shell, and the 
loose flash powder in a salute), the fire front advances 
rapidly through the entire mass of material. 


FIRE HOLE — A small hole provided for the immediate 
passage of burning gases (i.e., ‘fire’) into, out of or 
between various stages of a pyrotechnic device. The 
term may also refer to an opening into which a fuse 
will be inserted, or to which fire is applied to ignite 
the contents of the device. 


In fireworks: One example of the use of a fire hole 
(possibly also described as a flash hole) can be found 
in some specialty mine shells. As illustrated below, 
the location of the hole is the same as where a time 
fuse would be installed into a star shell. 


Safety Cap —__. 


Shell Leader 
Fuse 
(Quick Match) 


Inert 
Filler 


Firework 
Stars 


Break 
Charge 


Fire Hole 


Lift Charge 
(Black Powder) 
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With this fire-hole configuration, the weakly encased 
shell will either burst while still within the mortar or 
very shortly after exiting the mortar. The location of 
the shell’s bursting depends on factors such as the di- 
ameter of the fire hole, the amount and type of break 
charge and the internal packing of the shell. For a 
mine shell bursting while still within the mortar, the 
spread of the stars will be narrower than if the shell 
had burst after exiting. 


Another example of the use of a fire hole can be 
found in some firework rockets. As illustrated below, 
the fire hole is between the top of the rocket motor 
and the rocket’s heading. 


Firework Stars or 
Components 


Rocket Heading 
Casing 


Clay 
Fire Hole 


Rocket Composition 


Rocket Motor Core 


Rocket Motor 
Casing (Paper) 
—~ ignition Fuse 


Clay Rocket Nozzle 


Long Stabilizing Stick 


With this fire-hole configuration, when the rocket’s 
propellant (or delay composition) burns to the hole, a 
jet of fire will project through the hole. This jet of 
fire is the means for immediate ignition of the break 
charge in the firework rocket heading. A short length 
of black match may be inserted in the fire hole to en- 
sure efficient transfer of fire from the rocket motor to 
the contents of the heading. 


FIRE IN THE HOLE — An anachronistic and poorly 


worded warning sometimes used (especially in the US) 
to indicate that an explosion or other functioning of a 
device is imminent. The term dates to the time of 
Black Powder blasting operations: wherein ‘fire’ indi- 
cated that the fuse of a squib used to ignite the pow- 
der charge has been ignited, and ‘hole’ referred to the 
bore hole with its powder charge. The warning may 
be preceded by a series of three blasts of a horn or 
other audible signaling device. 
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In much of the world, in commercial blasting opera- 
tions (and increasingly in the US) in recognition that 
most initiations are now done electrically, the common 
protocol that follows the series of three horn blasts is 
to use the much more explicit and easily understood 
phrase ‘firing now’. 


FIRE LEAK — The unintentional entry of fire into the 
contents of a pyrotechnic device. A fire leak causes 
the premature functioning or explosion of the device. 
(Contrast with blow-through and fire path.) 


In fireworks: Fire leaks most commonly occur in aerial 
shells. An example of such a fire leak would be burning 
lift gases entering an aerial shell through a crack in 
the glue seal around a time fuse when a bottom-fused 
aerial shell is fired. Similar fire leaks may occur in 
multibreak shells when the fire from the explosion of 
one break enters the adjacent break. 


FIRE MONITOR (proximate audience) — The person 
assigned to attentively observe, report and respond to 
any unintentionally caused fires during a perfor- 
mance with proximate audience pyrotechnics or in- 
cendive special effects. This person needs to know 
how and to whom to report such a fire. This person 
also needs to have immediate access to a fire extin- 
guisher and know how to use it. 


fire watch officer — When the fire monitor is a 
member of a Fire Department, that person may be de- 
scribed as the fire watch officer. 


FIRE PATH — Any space in a pyrotechnic device or 
composition through which fire is free to pass. Ex- 
amples of fire paths include the spaces between the 
grains of a granular pyrotechnic composition, the gap 
between the black match and loose paper wrap (i.e., 
match pipe) in quick match and the opening within 
the core of a core-burning rocket motor. 


For gas-producing pyrotechnic compositions, the 
presence of fire paths grossly increases burn rate by 
greatly improving the effectiveness of convective 
thermal energy feedback. The effectiveness of a fire 
path depends on its gap width, as illustrated below. 


Max. Burn Rate 


Linear Burn Rate 


( Open Air ) 
Burn Rate / —” 


Fire Path Gap 
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For a zero-gap width (1.e., no fire path), the burn rate 
is just the composition’s normal inward burning rate. 
As the gap width increases, the linear burn rate along 
the gap increases to a maximum value depending on 
the nature of the composition. Thereafter, the burn 
rate decreases until it reaches its open-air (i.e., infi- 
nite gap) burn rate. The maximum burn rate can be 
hundreds of times faster than the zero-gap burn rate. 


Fire paths can be provided intentionally to increase 
burn rate, or they can occur normally, as in loose 
granular powder. Fire paths may also be unintentional, 
such as along cracks that have occurred in a rocket’s 
propellant grain or between the propellant grain and 
the casing. Such cracks may occur when the compo- 
sition of the grain shrinks during curing or drying or 
because of temperature or humidity cycling. The 
presence of unintentional fire paths often proves to be 
catastrophic because the unexpected increase in burn 
rate results in higher than designed pressures being 
produced. 


FIREPLACE MATCH — See match, fireplace. 
FIRER — See shooter (fireworks). 


FIRE-RESISTANT — Construction designed to afford 


reasonable protection of something (such as an explo- 
sive magazine) against external fire. This is usually 
accomplished by using masonry construction or by 
having the exposed surfaces constructed of metal. It 
must be noted that while metal is fire resistant, it is 
also thermally conductive. Thus, unless the inside 
surface of the metal is protected (i.e., insulated) in 
some manner, it is possible for a persistent external 
fire to raise items inside to their ignition temperature 
with potentially disastrous results. 


FIRE-RESISTANT COVERING — As a matter of fire 


safety or simply to protect surfaces (e.g., performance 
stages and barge decks) from damage, it is often nec- 
essary to cover them with fire-resistant materials. 


In fireworks: In displays fired electrically, often elec- 
trical cables and wiring need protection. Cables are 
expensive, and, if the cables or other wiring are seri- 
ously damaged during a display, there will likely be 
firing failures and/or other firing errors. It is a com- 
mon practice to protect the cables by covering them 
with aluminum foil, sand or dirt. 


When discharging a firework display from a barge 
with a wooden deck, it may be a requirement to cover 
the deck with sand (or the equivalent). 
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In manually fired, reloaded firework displays, the 
ready box may be covered with fire (and spark) re- 
sistant material, which is oftena heavy piece of treated 
canvas. 


In proximate audience performance: As with fire- 
work displays, there may be a need to protect cables 
and other wiring. Often this is accomplished by using 
gaffer’s tape to cover the wiring completely, and, 
when it is taped to the stage, it also eliminates poten- 
tial trip hazards posed by the wiring. 


The means used to protect a stage or other things 
should not to be readily noticeable by the spectators. 
Two types of material that may be used are typified 
by Pre-Ox™ and Panther Felt™. Pre-Ox is a tightly 
woven cloth made from carbon fiber. Panther Felt has 
an inner layer of woven fiberglass with soft fuzzy 
outer layers of spun rock (i.e., high temperature- 
resistant mineral fibers), for a total thickness of 0.12 
or 0.25 inch (3 or 6 mm). Both materials have other 
applications such as for welding blankets that can 
sustain temperatures of at least 1800 °F (1000 °C) 
especially for a short duration. In many applications, 
the need for low visibility is met by the materials being 
colored black. 


In some cases, black wrap (a heavy-duty aluminum foil 
that has been anodized black in color) can be used to 
provide a high degree of protection. In other cases, 
various size sheets of wallboard (i.e., sheet rock) can 
be useful. 


FIRE RESISTIVE — The property of normally combus- 
tible materials or structures that have been treated or 
have surface coverings designed to retard ignition or 
fire spread. 


FIRE ROPE — A material used to make stationary, non- 
pyrotechnic liquid flame effects that produce displays 
in fire (i.e., a fire rope display). An example of fire 
rope, which isa thick, cotton-fiber, wick-like material, 
approximately | inch (25 mm) in diameter, is shown 
farther below. 


Fire rope has a soft iron wire at its center that aids in 
holding its intended shape (shown protruding slightly 
in the upper left photograph and circled in yellow). 


Before igniting, the fire rope is soaked with a liquid 
fuel, which will be ignited to produce the display. Fire 
rope is also available with a thin plastic sleeve around 
the wick-like material. When used with this covering, 
the flammable liquid, which will be loaded into the 
fire rope at a series of locations along its length, can 
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be added well before the time of ignition of the dis- 
play without substantial loss due to evaporation. 


fire rope display — A burning display in the form of 
text, a logo or other shape, made with fire rope. In the 
photograph below the letters, JPyro (an abbreviation 
for the Journal of Pyrotechnics) have been formed in 
fire. 


These displays are made by attaching the fire rope to 
a fire-resistant frame or structure. Shortly prior to its 
ignition, the fire rope is saturated with a liquid fuel, 
most commonly diesel fuel or kerosene. It is ignited 
in any of a variety of ways, ranging from manual ig- 
nition with a small propane torch to the flash of fire 
from an electrically ignited powder charge. Fire rope 
displays typically last for about 10 minutes, depend- 
ing on the choice of liquid fuel. Another example a 
fire rope display is shown below. 


DESERT BLAST Xl 


Photo credit: Ron Dixon 
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FIRE SCULPTURE — A very long-duration (i.e., non- 
pyrotechnic) flame effect with firewood as its fuel. 
An example of a fire sculpture (named by its maker 
as Fleeble Flobbler) is shown below. 


This item consists of a block of anodized magnesium to 
which is attached a rod of mischmetal. The fire starter 
is used by first collecting a small amount of tinder 
(dry or minimally damp, if possible) intended to be 
ignited. Next, a collection of magnesium shavings is 
scraped from the shiny edge of the device (middle im- 
age above) with the blade of a sharp knife. An amount 
about the size of a US quarter dollar is suggested, and 
preferably, most of the shavings are in direct contact 
with a portion of the kindling. Then the fire starter is 
turned so that the mischmetal rod is on top (lower 
image). Finally, the knife is scrapped briskly along 
the mischmetal to produce a shower of sparks. These 
sparks ignite the magnesium shavings, which in turn 
ignite the kindling to start a sustainable fire. Unlike 
common matches and other fire starters, magnesium 
fire starters that have accidently been soaked in water 
can still effectively start a fire. Magnesium fire starters 
are waterproof and disaster-proof. 


Photo Credit: Jaime Ladet 


This sculpture has a welded, sheet-steel skin and stands FIRESTARTER MATCH — See match, firestarter. 


approximately 22 feet (7 m) tall with an 8.5-foot (2.6 m) 
diameter waist. The Fleeble Flobbler is perched upon a 
30-foot (9.1 m) diameter heavy steel base section that 
rocks and has seats for 8 spectators (riders). 


FIRE STARTERS — See match, historical. 


FIRE SUPPRESSION SYSTEM, EXPLOSIVE — Any 


Inside the lower portion of the body of the sculpture 


is a burn cage filled with approximately one cord of 


firewood. Between the burn cage and the outer wall 
of the sculpture is an air gap of 6 to 8 inches (150 to 
200 mm). This air jacket draws air from below the 
sculpture and both helps to cool its metal skin and to 
supply the needed combustion air. 


FIRE STARTER, MAGNESIUM — A rugged device in- 
tended for persons needing to start a fire under ad- 
verse conditions. This type of fire starter is not strictly 
a pyrotechnic device because it relies on oxygen from 
the air for its operation. Three views of this device 
are shown below. 


ISSSG SSSeee sees seeeesesess 
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one of a range of systems that can be effective for the 
suppression of fires associated with the burning of 
explosive materials. In some cases, these systems can 
prevent a transition from burning to deflagration, but 
they are not effective for suppressing a detonation. 


Most commonly, the suppressant is water. Smothering 
suppressants are not effective because explosive ma- 
terials do not rely on atmospheric oxygen for their 
ability to burn. Water is effective because it readily 
cools the burning material to below its ignition point, 
thus extinguishing its burning. Water also easily ren- 
ders nearby (and not yet ignited materials) substan- 
tially unignitable. An example of a portable explosive 
fire extinguishing system is shown below. 


pada SS a: 


Photo Credit: Gary Fadorsen, PyrotechUSA.com 
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The sequence of events in the suppression of fires in- 
volving pyrotechnic material is as follows: 1) An ig- 
nition occurs as the result of subjecting the material to 
an excessive stimulus (e.g., mechanical, electrical or 
thermal energy) and burning begins to build toward a 
deflagration. 2) An optical detector sensitive to IR 
and/or UV light senses an energy release and provides 
an electrical signal. 3) The character of the electrical 
signal is analyzed to determine if it is of sufficient in- 
tensity to be considered a fire; if so, a triggering signal 
is generated. 4) The triggering signal activates the re- 
lease of pressurized sprays of suppressant (usually wa- 
ter) directed at the pyrotechnic material. 5) The suffi- 
ciently intense spray(s) of suppressant acts to cool and 
disperse the pyrotechnic material to extinguish it and 
prevent its propagation to other materials in the area. 


For optimum effectiveness, the detectors are placed 
in relatively close proximity to the explosion hazard, 
such that they can readily detect the first flash of light 
produced by an ignition. 


System response times are defined as the time interval 
between the detection of flame and the release of sup- 
pressant of from the system. Response times are 
commonly less than 0.1 second and may be a short as 
0.01 second. 


When selecting a fire suppression system, it is appro- 
priate to consider whether the exposed explosive ma- 
terials are water reactive. 


high speed deluge system — An explosive fire 
suppression system (as described above) having a re- 
sponse time of less than 0.5 second. This type of system 
is intended for environments where protection of 
equipment and structures is the primary concern. 


ultra-high-speed deluge system — An explosive 
fire suppression system (as described above) having a 
response time of less than 0.1 second. This type of 
system is intended for environments where personnel 
protection is the primary concern. Recent advance- 
ments in detection and electronic technology have 
achieved response times in the range of 0.01 second, a 
necessary response time for a very rapidly spreading 
fire. 


explosive-sphere device — These systems are 
somewhat less complex, and they have substantially 
less suppressing capacity than water-spray systems. 
Because of their small capacity, these devices are 
typically used in conjunction with other rapid response 
deluge systems. A simplified explosive sphere sup- 
pression device is illustrated below in cross section. 
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An explosive-sphere device consists of a pre- 
pressurized vessel mounted in close proximity to the 
explosive hazard. Its suppressing agent (typically wa- 
ter) is dispersed when a small internal explosive charge 
(a detonator) is triggered. This raises the internal pres- 
sure to the point that its rupture disk fails, and its sup- 
pressing agent is released and dispersed. The electron- 
ics that sense the need to function and then trigger the 
explosive charge are similar to those in the ultra-high- 
speed suppression systems. This type of system typi- 
cally has a response time of less than 0.015 second. 


Screen 


FIRE TUBE — See fuse tube. 


FIREWALL — (Also fire division wall) — A fireproof (or 
fire-resistant) bulkhead or wall designed to impede the 
progress of a fire significantly from one side to the 
other. A firewall is rated based on the length of time it 
will successfully withstand specific fire conditions. 
Sheetrock (i.e., drywall or plasterboard) is a common 
example of a fire-resistant material. 


FIRE WATCH OFFICER - See fire monitor. 


FIREWORK — (singular noun and adjective) — A device 
containing a pyrotechnic composition(s) that, upon 
functioning, will burn and/or explode to produce a 
visual or audible effect (or a combination of such ef- 
fects) and is intended as a form of entertainment. Fire- 
works are widely used throughout the world when cel- 
ebrating festivals, such as Guy Fawkes Night, Dewali 
(Hindu Celebration of Lights), Bastille Day, July 4", 
Mardi Gras and New Year’s Eve. Many countries have 
at least a limited firework manufacturing capability, 
but China is the world’s largest source of production. 


For the name and general description of several basic 
types of firework devices, see firework name and de- 
scription (general). 
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Some effects that are occasionally discussed in the 
firework literature are technically not fireworks be- 
cause they are non-pyrotechnic in nature (i.e., they 
depend entirely on atmospheric oxygen). Examples 
of non-firework effects are the theatrical use of lyco- 
podium powder for a flame effect, using a flammable 
liquid or wax to heat the air in a toy hot air balloons 
and flame effects as used in many venues (including 
firework displays). 


The term pyrotechnics is often used synonymously 
with fireworks, but the term includes a wide array of 
industrial, aerospace, military and civilian devices of 
which fireworks are a subset. Examples of non- 
firework pyrotechnics include automobile airbags, 
amateur rockets, distress flares, matches, the Space 
Shuttle’s booster rocket motors, explosive activated 
cutters and blasting safety fuse. 


Regulatory definition (US): Any composition or de- 
vice for the purpose of producing a visible or audible 
effect by combustion, deflagration, or detonation and 
that meets the definition of consumer fireworks or 
display fireworks. 


FIREWORK AERIAL SHELL — See aerial shell (fire- 
works). 


FIREWORK BARRAGE - See barrage, firework. 
FIREWORK BARRICADE -— See barricade. 
FIREWORK BASE - See base, firework. 
FIREWORK BATTERY - See battery, firework. 
FIREWORK CAKE — See muiltiple-tube device. 


FIREWORK CATALOG COLLECTABLES — See col- 
lectables, firework catalog. 


FIREWORK CLASSIFICATION (Australia) — In Aus- 
tralia, fireworks are controlled individually by the six 
State and two Territorial governments. The regulations 
often differ from one jurisdiction to the next. Since 
the rules are frequently changed, it is difficult to dis- 
cuss all the regulations that are currently in place in 
each State and Territory. 


In general, so-called toy fireworks (e.g., blaster balls, 
confetti bombs, bon-bon crackers, sparklers, streamer 
cones, toy pistol caps, starting pistol caps and indoor 
table bombs) are available without restriction. Other 
types of fireworks, classified elsewhere as consumer 
fireworks or shop goods, are prohibited in all juris- 
dictions except in the Northern Territory, where they 
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may be purchased and used on only one day (1 July) 
each year. Additionally, they may only be purchased 
between 9 am and 9 pm, by persons over the age of 
18 years, and they must be used between 6 pm and 11 
pm on that day. Possession and use of consumer 
fireworks on any other day is illegal. 


Australian Standard, AS 2187.3 (1999), sets out crite- 
ria for firework shop goods — even though they are 
permitted in only one part of the country, on one day 
each year. A shop good firework has a maximum py- 
rotechnic content of 40 g for a single-casing firework, 
20 g per tube for a multiple-tube firework (with not 
more than 200 g total for each device), 0.3 g per fire- 
cracker and 6.5 g propellant for a skyrocket. In some 
jurisdictions, fireworks complying with these criteria 
cannot be possessed or used by anyone, under any 
circumstances, including a licensed firework display 
operator. The possession and use of all other types of 
fireworks is subject to licensing requirements that 
vary with each jurisdiction. Fortunately, model rocket 
motors are not prohibited, but unfortunately the regu- 
lations are different from one jurisdiction to the next. 


Fireworks are classified as explosives, so offences 
involving them are recorded as involving explosives. 
Thus, a person found in possession of a simple pin- 
wheel could be convicted of unlawful possession of 
explosives. 


FIREWORK CLASSIFICATION (Canada)— In Canada, 


the Chief Inspector of Explosives classifies each au- 
thorized explosive by type according to its intended 
use. Firework articles are classified as Type F. There 
are four basic categories within this classification type. 


Type F.1 Consumer Fireworks: Consumer fireworks 
are designed for recreational use by the public. They 


are different from display fireworks, which are fire- 
works used in larger, usually public, firework dis- 
plays. There are federal regulations that govern the 
sale, purchase, storage and use of consumer fire- 
works. A person must be at least 18 years of age to 
purchase and store up to 1000 kg (454 pounds) gross 
weight of consumer fireworks. There are specific re- 
quirements for the retail sale as well as the storage of 
consumer fireworks. Provincial and local laws can 
further place restrictions on consumer fireworks such 
as allowing the sale and use only on designated days 
of the year. 


Type F.2 Display Fireworks: Display fireworks are 
designed for professional use. They are different from 


consumer fireworks, which are designed for recrea- 
tional use by members of the public. Firecrackers are 
also classified as display fireworks. Display fireworks 
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may be acquired and used only by persons who have a 
magazine license or hold a firework operator certificate 
(FOC) that is required for use of the fireworks to be 
bought. The holder of the FOC must provide the seller 
with a copy of the local authority’s approval to hold the 
firework display in which the fireworks will be used. 


Type F.3 Special Effect Pyrotechnics: Special effect 
pyrotechnics (1.e., pyrotechnics) are explosives used to 


produce a special effect in a motion picture or televi- 
sion production or a performance before a live audi- 
ence. Special effect pyrotechnics may be acquired and 
used by a person who has a magazine license or holds a 
firework operator certificate (FOC) that is required for 
use of the pyrotechnics to be bought. A person who 
does not hold the FOC may acquire and use flash pa- 
per, flash cotton, flash string and sparkle string. 


Type F.4 Firework Accessories: Firework accessories 
are explosives articles used with F.2 and F.3 fireworks 
(i.e., electric matches used in the fireworks industry). 


FIREWORK CLASSIFICATION (UK)- The first British 
Standard for Fireworks (BS 7114) describes the manu- 
facturing and product safety standards, including de- 
bris weight/distance limits, fusing and labeling re- 
quirements. It defines a firework as a device containing 
explosive composition that upon functioning will burn 
and/or explode to produce a visual or aural effect, or 
a combination of such effects, intended as a form of 
entertainment. The British Standards Institution has 
developed a new harmonized European standard for 
fireworks, which replaces BS 7114. European stand- 
ards (or Euro Norms) are identified by the letters EN, 
and the new standard is BS EN 15947 and became ef- 
fective in 2010. There are 4 Categories of fireworks: 


Category 1 Indoor Fireworks: These are suitable for use 
in extremely restricted areas (e.g., indoors). When used 
according to the specified label and instructions, these 
fireworks should not cause injury to people standing 
1 meter (3.3 feet) or more away, or cause damage to 
property. In the case of hand-held fireworks, the person 
holding them must not be injured. 


Category 2 Garden Fireworks: These are intended for 
use in limited outdoor areas such as large gardens. 
When used according to the instructions, these fire- 
works must be safe for viewing by people standing 5 
meters (16.4 feet) or more away. In the case of hand- 
held sparklers, the person holding the item should not 
be injured by the dropping of hot slag or the ejection 
of sparks. The safety fuse for these fireworks must burn 
from 3 to 13 seconds and all fireworks must be labeled 
according to British Standard 7114. 
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Category 3 Display Fireworks: Fireworks suitable for 
outdoor use in large open spaces such as school playing 
fields. When used according to the instructions, these 
fireworks must be safe for viewing by people standing 
25 meters (82 feet) or more away. The safety fuse for 
these fireworks must burn from 5 to 15 seconds and all 
fireworks must be labeled according to British Stand- 
ard 7114. To conform to the European Standard, Cat- 
egory 3 fireworks will have a maximum noise level of 
120 dB Almax (decibels, A-weighted, impulse maxi- 
mum, which corresponds to approximately 142 dB, C- 
weighted, peak) (see sound pressure level measure- 
ment). 


Category 4: Fireworks that may be incomplete (e.g., 
without a safety fuse or instructions) and that are not 
intended for sale to the general public. They are iden- 
tified by the marking ‘This device must not to be sold 
to, or used by, a member of the general public’. These 
are normally used by professional firework display 
operators and are usually larger display fireworks, in- 
cluding aerial shells, that are often ignited electrically. 


FIREWORK CLASSIFICATION (US) — There are two 


basic classifications for fireworks in the US: consum- 
er fireworks and display fireworks. This is in addition 
to novelties and pyrotechnics used in proximate audi- 
ence performances (i.e., pyrotechnic articles). 


Consumer fireworks: Relatively small fireworks that 
are legal on the federal level for sale to unlicensed 
consumers. State and local laws frequently further re- 
strict such sales both in terms of the types of items al- 
lowed and, in some cases, the days during the year 
when they may be sold and used. Federally, consumer 
fireworks are defined by the US Department of 
Transportation, and their performance is regulated by 
the Consumer Product Safety Commission. Consumer 
fireworks are frequently referred to generically by 
their hazardous material transportation classification, 
1.4G. These fireworks were formerly categorized as 
Class C explosives and described as Class C or com- 
mon fireworks. These are now outdated terms, but they 
continue to be used informally and to persist in some 
state regulations. 


Display fireworks: Large fireworks for professional use 
and those that exceed the limitations on consumer fire- 
works. The sale of display fireworks is restricted to 
holders of appropriate licenses issued by the Bureau 
of Alcohol, Tobacco, Firearms and Explosives, which 
is the federal agency responsible for the regulation of 
such explosive materials in commerce. Display fire- 
works are frequently referred to generically by their 
hazardous material transportation classification, 1.3G. 
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These fireworks were formerly categorized as Class B 
explosives and described as Class B or special fire- 
works. These are now outdated terms, but they con- 
tinue to be used informally and to persist in some 
state regulations. 


Pyrotechnic articles: Small pyrotechnic devices, many 
of which are like consumer fireworks, but they are of 
a type intended for professional use before a proxi- 
mate audience to provide special theatrical effects. 
(See proximate audience pyrotechnics.) 


There are also pyrotechnic articles for technical pur- 
poses, such as gas generators in airbags or in seatbelt 
tensioners. In this context, pyrotechnic article means 
any article containing explosive substances or a mix- 
ture of substances designed to produce heat, light, 
sound, gas or smoke or a combination of such effects 
through self-sustained, exothermic chemical reactions. 


FIREWORK COMPONENT - See insert. 


FIREWORK COMPOSITION — Any chemical compound 
or mixture (of an explosive or flammable nature) used 
to make any firework. 


FIREWORK DISPLAY — A presentation of fireworks for 
public or private viewing. Brock (1922) states ‘That 
fireworks are popular there is no doubt; no form of 
amusement is capable of giving enjoyment to so many 
people at one time; there is no entertainment which so 
appeals to youth and age of all classes and tastes. And 
yet it is doubtful if there is any industry concerning 
which the public at large is so profoundly ignorant.’ 


The magnitude of a firework display can range tremen- 
dously. Near the small end can be the burning of a few 
sparklers in one’s backyard. At the time of this writing 
(1* edition), apparently the largest display ever pro- 
duced occurred in Dubai, United Arab Emirates late 
in 2008. Below is a photograph from that display. 


Photo Credit: Phil Grucci, Fireworks by Grucci 


To provide an idea of the physical scale of the dis- 
play, consider that each of the colored balls of light is a 
rather large (8-inch, 200-mm) aerial shell functioning 
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at its full altitude. The colored portion of the outer 
circumference was 8.5 miles (14 km) in length. The 
photograph was taken from an aircraft. During this dis- 
play there were more than 250,000 effects fired over 
the course of just 9 minutes. The display was fired from 
a total of 781 firing locations, using a total of 36,000 
cues provided by 46 computers through 50 miles (80 
km) of control cable. The display was set up by 250 
pyrotechnicians over a period of 14 days. 


FIREWORK DISPLAY CHOREOGRAPHY — See chore- 
ographed firework display. 


FIREWORK DISPLAY PLAN -— See performance plan. 
FIREWORK DISPOSAL -— See disposal, pyrotechnic. 
FIREWORK FALLOUT - See fallout, firework. 
FIREWORK FLASH POWDER - See flash powder type. 


FIREWORK FLASH ROCKET — See firework rocket 
type, specific (flash rocket). 


FIREWORK IGNITER — See electric match. 


FIREWORK, LARGEST — The largest single firework 
device reportedly produced depends to some extent 
on the nature of the firework device. Three of the 
largest fireworks are discussed below. It is not known 
whether these records have been exceeded. 


largest firework exploded in place — This was 
described as ‘Universe I Part II’. It was not an aerial 
shell, but it was exploded in place on a floating plat- 
form at the Lake Toya Festival in Japan in 1988. The 
shell was 1.4 m (55 inches) in diameter, with a mass 
of approximately 700 kg (1500 pounds). The diame- 
ter of the burst produced was approximately 1200 m 
(4000 feet). 


largest cylindrical aerial shell — In an effort to 
set the record for the then world’s largest firework, 
an extremely large cylindrical aerial shell was manu- 
facturedin 1977 by Fireworks by Grucci (then known 
as N.Y. Pyrotechnic Products Co., Inc.). This project 
was undertaken at the instigation of American sports- 
writer, journalist, author and firework enthusiast 
George Plimpton (1927-2003). 


The shell, described as ‘Fat Man II’ was named, in 
questionable taste, after the American nuclear bomb 
dropped on Nagasaki in 1945, ‘Fat Man’. The firework 
was a cylindrical shell (shown below) 40.5 inches 
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(1.03 m) in diameter, 36 inches (0.91 m) in length 
and weighing approximately 720 pounds (330 kg). 
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Photo Credit: Phil Grucci, Fireworks by Grucci 


The mortars built to fire the Fat Man aerial shells (I and 
II) were made of 0.75-inch (19-mm) steel, 42 inches 
(1.1 m) in diameter, 10 feet (3 m) long and weighing 
about 4000 pounds (1800 kg). One of these mortars is 
shown to the right. Fat 
Man I was fired on Long 
Island, New York, but it 
failed to leave the mortar, 
evidently because  alt- 
hough the shell’s time 
fuses were ignited, the lift 
charge failed to ignite. 
Consequently, the shell 
exploded in the mortar, 
tearing it apart and leav- 
ing behind a crater ap- 
proximately 40 feet (12 m) 
wide and 15 feet (4.5 m) 
deep. Photo Credit: Phil Grucci 


In a second attempt, Fat Man II was fired in October 
1977 from a spit of land near Titusville, Florida. Alt- 
hough intended to produce an elaborate display at a 
burst height of approximately 1000 feet (300 m), the 
shell functioned at roughly 100 feet (30 m) and simply 
produced a huge fireball. Despite its malfunctioning, 
Fat Man II was recognized in the 1981 edition of the 
Guinness Book of World Records as ‘the largest 
firework ever produced’. 


largest spherical aerial shell — The largest single 
firework reportedly produced up to January 2018 was 
an aerial shell designed and constructed in 2017 by 
American pyrotechnist James Widmann for Fireworks 
by Grucci of Bellport, New York, US. It was pur- 
chased by His Excellency Sheikh Saud bin Saqr al 
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Qasimi, ruler of Ras al-Khaimah, United Arab Emir- 
ates, for New Year celebrations. Fireworks by Grucci 
fired the shell on Al Marjan Island, Ras al-Khaimah, on 
1 January 2018. It performed perfectly and was duly 
entered into the Guinness Book of World Records. The 
diameter of the shell (shown below) was 55 inches 
(1.4 m), and it weighed 2397 pounds (1,087 kg). 


“argest Aerial She! 


She 


Photo Credit: J. & C. Widmann 


The mortar (shown below) from which the shell was 
fired had an internal diameter of 60 inches (1.52 m) 
and was 24 feet (7.3 m) in length. 


Photo Credit: J. & C. Widmann 
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The shell was propelled by 150 pounds (68 kg) of IFA 
Black Powder and rose for 13.1 seconds before burst- 
ing at a height of approximately 2000 feet (600 m) 
above the ground. The diameter of the burst produced 
by the shell was approximately 3400 feet (1.0 km); the 
photo below shows the display produced, viewed from 
roughly 6000 feet (1.8 km) away from the firing point. 


Photo Credit: J. & C. Widmann 


In February of 2019 in Steamboat Springs, Colorado, 
there was an attempt to set a new world record by 
launching a 62 inch (1.6 m) spherical aerial shell, 
weighing 2,509 pounds (1,140 kg). The attempt was 
unsuccessful, with the shell exploding in the mortar. 
FIREWORK LEADER - See leader, firework. 
FIREWORK MACHINE — See machine (fireworks). 
FIREWORK MATCH -— See match, firework. 
FIREWORK MISSILE — See firework rocket type, basic. 


FIREWORK MORTAR - See mortar (fireworks). 


FIREWORK MORTAR CLEANING — See mortar clean- 
ing, firework. 


FIREWORK MORTAR TRAILER — See mortar trailer. 


FIREWORK NAME AND DESCRIPTION (general) — 
This entry contains several names of basic firework 
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types, along with their brief definitions. The initial 
boldfaced term and some non-boldfaced terms are 
italicized to indicate that more-detailed information is 
located elsewhere in this text in an entry by that name 
(TERM). 


aerial shell —A cylindrical or spherical projectile 
containing firework stars or other pyrotechnic ef- 
fects. It is ballistically projected from a mortar high 
into the air, where it explodes, presenting a display of 
light and/or sound. For definitions of many of the 
terms associated with aerial shells, see aerial shell 
name and description (specific). 


cake — A relatively small multiple-tube device, usually 
intended as a consumer firework. The individual 
tubes of these devices are chain fused, and are com- 
monly assembled into squat cylinders, superficially 
resembling bakery-goods cakes. The name is also ap- 
plied to small multiple-tube devices having square, 
rectangular, hexagonal or even triangular arrange- 
ments of the tubes. 


cracker — This may refer to a firecracker, to a 
Christmas cracker or (in Australia) to any firework, 
especially in a derogatory sense. 


comet — A large pellet of pyrotechnic composition 
ballistically projected from a mortar, from a Roman 
candle or from an aerial shell. A comet typically 
burns to produce a long spark-trail effect, appearing 
somewhat like an astronomical comet. Some types of 
comet may simply produce a colored flame and such 
a comet may be described as a meteor. 


firecracker — A small device intended to produce a 
loud, but harmless, explosion, sometimes accompanied 
by a flash of light and/or a burst of sparks. Tradition- 
ally, smaller firecrackers are supplied with their fuses 
braided together so that the individual firecrackers 
form a rectangular array around a central fuse. Such 
an array, called a string, might range from a dozen or 
so firecrackers to many hundreds. 


fountain — A device consisting of a single tube or 
cone that projects a jet of fire and sparks, and some- 
times small fragments of burning pyrotechnic com- 
position, into the air. 


girandole — A flying firework device consisting of a 
light framework having a central hub with a hole to 
receive a pivot around which the device can freely 
spin. Rocket motors and/or wheel drivers attached to 
the framework are fused to fire in such a manner that 
the whole device first spins rapidly on the pivot and 
then flies high into the air. 
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lancework — An assemblage of lance, small thin- 
walled paper tubes charged with a pyrotechnic com- 
position that produce a white or colored flame and 
fused to ignite nearly simultaneously. These fire- 
works are used as setpieces to form decorative de- 
signs, pictorial drawings or letters, outlined in points 
of white or colored light. 


mine — A device that projects many ignited stars 
and/or other effects (such as small aerial shells, tube 
items or salutes) into the air from a mortar. The visual 
effects produced by mines occur at lower altitudes 
than those produced by aerial shells. 


multiple-tube device — A device, usually consisting 
of two or more (usually many more) relatively small- 
diameter tubes that are chain fused to fire in sequence 
after a single ignition. These items commonly produce 
their display by discharging a series of projectiles into 
the air. Larger and smaller multiple-tube devices may 
be described as finale boxes and cakes, respectively. 


rocket — A device propelled into the air by the reac- 
tive force produced by expulsion of a jet of hot gas 
from the device. (See firework rocket type, basic.) 
Typically, a firework rocket is attached to a stick that 
stabilizes its flight, but rockets fitted with stabilizing 
fins instead of a stick are also seen. In the US and 
most other countries, rockets are very rarely used in 
public firework displays. This is mostly because of 
the hazards associated with rockets potentially travel- 
ing long distances off course and with the fallout of 
the spent rockets. Nonetheless, the public and the 
news media often erroneously describe aerial shells as 
rockets. This is presumably a relic of the days when 
rockets were indeed prominently used in public dis- 
plays. In some countries, probably most notably in 
Mexico, rockets are still used in public displays, 
sometimes in very large numbers. 


Roman candle -— A device consisting of a single tube 
that projects a sequence of ignited individual stars, 
comets or other pyrotechnic effects high into the air. 


salute — A device designed to explode violently to 
produce a loud sound. A salute may range in size 
from a relatively small firecracker-like device to a 
large aerial shell fired from a mortar. The term has 
been used for some time (predominantly in the US); 
elsewhere in the English-speaking world the larger 
devices were commonly described as maroons and 
the smaller ones as bangers. 


saxon — A device consisting of a tube, arranged to 
rotate on a strong nail (or similar pivot) passed 
through a hole in the tube. The tube is charged with a 
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force and spark composition, closed at each end and 
the side of the tube is pierced with one or more holes 
so placed that a jet of fire emerging from each hole 
will cause the tube to rotate around the pivot produc- 
ing a pleasing halo of sparks. 


setpiece — A device consisting of numerous individ- 
ual fireworks attached to a framework and fused to 
ignite nearly simultaneously, producing a pleasing 
pattern of fire and/or sparks. 


sparkler — A consumer firework emitting sparks and 
intended to be held in the hand while burning. Com- 
monly, a sparkler consists of a length of stiff wire 
coated for about half its length with a spark- 
producing pyrotechnic composition. 


tourbillion — A device consisting of a single tube, 
charged with a force and spark composition, closed at 
each end and the side of the tube is pierced with one 
or more holes so placed that a jet of fire emerging 
from each hole will cause the tube to rotate in the air. 
A traditional tourbillion is fitted with a stabilizing 
wing fixed centrally to the tube, perpendicular to the 
long axis, and the holes were so arranged that the de- 
vice spins rapidly at ground level and then rises into 
the air leaving a spiral trail of sparks. 


waterfall — A collection of paper tubes, closed at one 
end and charged with a pyrotechnic composition that 
produces long-duration, usually white, sparks. Several 
tubes are spaced uniformly along a support high 
above ground level, either horizontally or, more typi- 
cally, vertically with the open end downwards. The 
tubes are fused to ignite almost simultaneously and 
when burning create a cascade of sparks evocative of 
a waterfall. 


wheel — A fixed revolving device producing a re- 
volving display of sparks and/or colored fire near 
ground level. The rotation may be in the vertical or 
horizontal plane, with the former being more com- 
mon for smaller wheels and the latter being more 
common for larger wheels. Larger wheels are pow- 
ered by wheel drivers, which are tubes charged with a 
force and spark composition. Wheel drivers are 
mounted onto variously shaped devices having a cen- 
tral axle allowing them to spin freely from the thrust 
produced by the burning drivers. Some very small 
wheels (e.g., pinwheels or Catherine wheels) are 
powered by a single, long tube charged with force 
and spark composition coiled around a central hub. 
Small wheel-like devices, designed to spin freely on 
the ground, may be described as ground spinners. 
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FIREWORK NAME AND DESCRIPTION (historical) — 
In London in the 18" century, it was common for 
large public displays to be promoted by publishing 
detailed programs listing the individual firework de- 
vices to be used in the displays. Also, presumably to 
heighten the expectations for the displays, it was 
common to describe the fireworks in terms derived 
from the French and Italian languages. Published his- 
torical research (Wright, 2011) presented a list of 17 
of these terms, along with some descriptive infor- 
mation. This list, along with some additional com- 
ments, is presented below. 


pots d’aigretttes — From the French, ‘pot a aigrette’, 
plural ‘pots aux aigrettes’, the term referred to what 
we now describe as mines. The word ‘aigrette’ trans- 
lates as ‘egret’, a type of heron, but in this context, it 


refers to the rather large and showy white feathers or 


plumes that some egrets (e.g., the European Egretta 
garzetta) develop during the breeding season. In the 
18" century, these plumes were very commonly used 
as fashionable adornments on hats. The plume of stars 
discharged from a mine must have been thought to re- 
semble these feathery baubles. 


air balloon or ballon — In the mid- 
13" century, these terms referred to 
what is currently called a spherical 
aerial shell as illustrated at the right. 
Toward the end of that century, they 
took on their modern meaning and re- 
ferred to a hot-air or hydrogen bal- 
loon. 


pots de brins — From the French 
‘pots des brins’, literally translated as 
‘pots of planks’ (or ‘pots of spars’). 
This term referred to a series of mines Credit: 
fixed on a wooden plank (i.e., a board) Jones, 1766 
as illustrated below. 


Illustration 


Illustration Credit: Jones, 1766 


The mortars mounted on the plank were fused from 
beneath. Holes were drilled through the planks into 
the center of the bottom of each mortar, and a groove 
was routed connecting the holes. Black match was 


threaded through the holes and laid in the groove. If 


instantaneous ignition was desired, another board was 
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tacked over the grooved bottom; the groove served the 
purpose of match pipe. If a delay was wanted between 
each mortar’s firing, sawdust was packed around the 
match in the grooves before the second board was put 
in place. In the illustration, the match can be seen pro- 
jecting from the left of the board, ready for ignition. 


Caduceus rocket — From the Latin ‘caduceus’, a 
wand, from Greek mythology (specifically the wand 
of Hermes, the Olympian god known to the Romans as 
Mercury), which consisted of a staff entwined with a 
pair of serpents. A Caduceus rocket consisted of a 
pair of rockets, each set opposite the other on the 
same stick as illustrated below on the left so that the 
device spiraled as it ascended. The resulting trail of 
sparks called to mind the entwined serpents of the 
Caduceus wand as illustrated below on the right. The 
caduceus is sometimes used as a symbol of medicine, 
but this is a confusion of it with the staff of Aescula- 
pius, a rod around which a single snake is entwined. 


Illustration Credit: 
Jones, 1766 


Illustration credit Wikipedia 


colombe — Translates from French as ‘dove’ or ‘pi- 
geon’. The firework pigeon (i.e., a line rocket, see 
firework rocket type, basic) was a rocket-propelled 
device constrained to run along a rope or line. Some- 
times the device revolved as it was propelled back 
and forth along the rope or line. In 18" century Lon- 
don, the name ‘cinque colombe’ (1.e., ‘five doves’) 
was applied, for unknown reasons, to ‘Two Vertical 
Wheels in Brilliant Fire’. In Italian firework books, 
‘colombe’ (which translates as ‘doves’, the singular 
form being ‘colomba’ or ‘colombo’) refers to shell 
garnitures having three side jets spaced equidistantly 
(i.e., every 120°) around one end. 
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furiloni wheel — (see wheel 
type) — This device was a hor- 
izontal wheel having two tiers 
of drivers, as illustrated at the 
right. 


There were many variants in 
the spelling of the name. Mas- 
kall (1785) uses “fruiloni’; 
Brock states “furolona, forlona, 
forlone, and even trouana are 
found, and berlino may, as 
seems probable, be intended to 
indicate the same device” 
(Brock, 1949). It may shed 
some light on the origin of the name to note that a 
‘forlana’ is defined in Webster’s Dictionary as “a 
lively old Italian dance in 6/8 or 6/4 time”. The name of 
the dance comes from the place of its origin in Friuli, a 
north-eastern province of Italy historically part of the 
Venetian republic. The firework piece could be said to 
perform a ‘lively dance’. An amusing variation is Thu- 
riloni, apparently the result of someone mistakenly 
assuming that the speaker had a Cockney accent and 
making the presumed needed adjustment. The name 
furiloni wheel persisted well into the 19" century, as 
documented ina late 19" century advertising poster for 
the Phoenix Fireworks Co. of Melbourne, Australia. 


Illustration Credit: 
Jones, 1766 


genouilliere — A water firework, sometimes de- 
scribed as a water dolphin. It consisted of a rocket 
with an extra empty case fixed at an angle to its end, 
recalling the shape of a knee (‘genou’ in French). It 
was fired on the surface of a lake or pond. Because of 
its shape, the device skittered over the surface and 
periodically plunged under water, calling to mind the 
action of a playful dolphin. The illustration at the right 
is taken from a late 19" 
century advertising poster 
for the Phoenix Fireworks 
Co. of Melbourne, Austral- 
ia. 


gerb — Originally ‘gerbe’, a French word meaning 
‘sheaf of wheat’. The word was occasionally spelled 
‘jerb’, ‘jerbe’, ‘jurb’ or even ‘jub’; this reflects the 
correct pronunciation of the initial consonant. ‘Gerb’ is 
sometimes mispronounced with a hard g (as in girl). 


girandole — From the Italian ‘girandola’, plural ‘gir- 
andole’, from the verb ‘girare’, meaning to turn in a 
circle. The word has had several meanings in pyro- 
technics. Originally it referred generically to all fire- 
work wheels and was sometimes applied to a series 
of rockets fired from a wheel that did not turn (see 
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firework stick rocket rack). In the 18" century and 
subsequently, ‘girandole’ or ‘girande’ was often used 
to denote a final flight of rockets. Currently, it is 
more commonly encountered in the Italian singular 
form ‘girandola’, referring to a firework wheel that 
spins horizontally on a spindle before being driven 
high into the air by rockets. That usage (1850) was 
originally ‘girandola volante’, meaning flying firework 
wheel, and over the years, ‘volante’ was dropped as 
‘girandola’ came to be applied exclusively to flying 
horizontal wheels. 


girasole — From the Italian ‘girasoli’, meaning sun- 
flower. The name for the flower derives from its hab- 
it of turning toward the sun; it is plausible that the 
firework device was a ‘sun’ (1.e., an array of gerbs ar- 
ranged like the spokes of a wheel and producing jets 
of fire suggestive of rays of the sun or the petals of a 
sunflower) that rotated around a vertical axis, calling 
to mind the flower following the sun. No evidence 
could be found either to support or refute this possi- 
bility. 

guillochee — From the French ‘guilloché’. Originally 
‘a repetitive architectural pattern ... of two ribbons 
winding around a series of regular central points’. In 
fireworks, it referred to the pattern of fire produced 
when vertical wheels revolved somewhat slowly in op- 
posite directions on the same axle, as illustrated below. 
The device is commonly referred to as a chromatrope 
wheel. This typically consists of just two counter- 
rotating wheels, but sometimes three or more wheels 
are made to turn on the single axle. Judicious use of 
charcoal, iron and perhaps other spark-producing in- 
gredients in the driver compositions can cause the in- 
tersecting jets of sparks to change dramatically dur- 
ing the performance, adding variety to the effect. 


Illustration Credit: Brock, 1949 
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jeux de la Bague — The translation of this French 
term is ‘Games of the Ring’. The name was applied in 
a program for an 18" century display to a firework 


piece ‘decorated with eight Transparent Figures, 


moving in different Directions’. The term has only 


been found once, and might well have been omitted, 
but it does illustrate the fashionable use of French. 


jumelle — This means ‘twin’ in French and evidently 
referred to a pair of firework devices (e.g., wheels) 
performing at the same time. 


maroon — From the French ‘marron’, meaning 
‘chestnut’, and referring to the noise of a roasting 
chestnut bursting in the fire. These days the word of- 
ten applies to a device used in theatres (and else- 
where) that makes a loud bang. Fireworks having the 
same effect are commonly described as salutes, espe- 
cially in the US. 


rayonnant — The French word means ‘radiant, ef- 
fulgent, brilliant, shining...’ In approximately 1769, 
the London pyrotechnist Clitherow claimed to have 
invented ‘An entire new Fire being a white Ray, dis- 
charging long Streams of Fire of a Golden Colour, 
whose natural Sparks are in the form of Wheat Ears’, 
and is called ‘Rayonant’. In 1843 the French pyro- 
technist F. M. Chertier published several formulas 
with the name ‘Rayonnant’; they consisted essentially 


of meal powder (see Black Powder grade) mixed 


with up to 1/6 its weight of either the fine yellow 


sand that was used at the time for blotting pen ink or 


of coarsely-powdered litharge (lead(II) oxide). In the 


second (1854) edition of his book, Chertier expressed 


a preference for litharge over yellow sand for this 
purpose. 


saucisson — The French word ‘saucisson’ means 
‘sausage’. The firework was originally a banger (1.e., 


maroon) in the form of a cylindrical cartridge filled 


with gunpowder (i.e., Black Powder). The resem- 
blance of the device to a sausage came from its being 
‘pulled in’ at both ends — completely at one end, to 
close the case, and partially at the other, to make a 
choke. The partially closed end was fitted with a time 
fuse, which ignited when the cartridge was fired from 
a mortar, so that the device exploded high in the air. 
This aerial performance is presumably what led to the 
very odd names ‘sosison voland’ and ‘sosison vo 
land’, found in display programs from 18" century 


London. These names seem to be corruptions of 


“saucisson volant’ (literally meaning ‘flying sausage’). 


In a curious survival and adaptation of the word 


‘saucisson’, as late as the 1980s, an Australian manu- 
facturer of fireworks called his mines, which were 
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made for firing from mortars, “saucission shells’. An 
example is shown below. 


xtrem: 
LAMMABL y 


sag: E 
SAUCISSION SHELL 


(SIZE: 4” MORTAR, LENGTH 15) 
_. DIRECTIONS 
Mortar to be three-quarters its length in ground ti 
shell in Mortar, Red end down, bend long ine 


y is over ops 
once fi, 


is no smouldering paper in 

“ng next Shell in, 
MUST NOT BE HELD IN HAND 
Meee 


NUractune nics PY 
: ‘0 BY HOW, NS PYROTECHNICS cau 
MOROR ROAD/ CO EOS RONG a. ate AUST 


In the UK in the 20" century, large squibs were often 
called ‘saucissons’. These fireworks, which were in- 
tended to be ignited as they lay flat on the ground, 
flew erratically along the ground, and often into the 
air, before exploding with a loud bang. Like the 
smaller versions (simply called squibs), these fire- 
works have long been prohibited in the UK. 


spirali wheel — From the Ital- 
ian ‘spirale’, meaning ‘spiral’, 
and also sometimes rendered 
as ‘spiriali’, this term referred 
to a compound firework, con- 
sisting of a framework in the 
form of a cone, around which 
was twisted a spiral of cane 
fitted with /ances as illustrat- 
ed at the right. 


Leet 
{i 
la 
tourbillon — The name, a 
which is the French word for 
a whirlwind, applied to a 
wonderful device consisting 
of a single case, fitted with a 
wooden wing at right angles 
to its length. When fired, it 
spun fiercely and then rose 
into the air in a spiral of sparks. The device was com- 
monly known in French as ‘fusée a table’ (i.e., table 
rocket) or ‘artichaut’ (i.e., artichoke). The French 
word ‘tourbillon’ was taken into English as tourbil- 
lion, reflecting the French pronunciation. The same 
name is also applied to small fireworks that spin 
around emitting jets of sparks after having been 
ejected from an aerial shell or shot into the sky from 
a tube (i.e., mortar) on the ground. 


Illustration Credit: 
Jones, 1766 
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FIREWORK NOVELTY - See specialty item and novelty. 


FIREWORK PLANT — The land and buildings that are 


used as a place for the manufacture or assembly of 


fireworks or similar pyrotechnic devices. Fire codes, 
such as those of the National Fire Protection Associa- 
tion in the US, specify numerous requirements for 
firework plants (NFPA 1124, “Code for the Manufac- 
ture, Transportation, Storage, and Retail sales of Fire- 
works and Pyrotechnic Articles”). 


FIREWORK RAIL — See rail (fireworks). 
FIREWORK ROCKET - See firework rocket type, basic. 


FIREWORK ROCKET CASING -— See firework rocket 
motor casing. 


FIREWORK ROCKET HEADING — 
(Also heading) — The payload of a 
firework rocket that functions to 
produce a visual or audible effect 
near the highest point (i.e., apogee) 
of the rocket’s flight. The rocket 
heading produces a display of light 
and/or sound, usually consisting of 
a salute, stars or other firework ef- 
fects. 


Although rocket headings on con- 
sumer fireworks have traditionally 
been conical in shape, display 
rocket headings are more likely to 
be either cylindrical or spherical in 
shape, as shown at the right. 


FIREWORK ROCKET MOTOR CASING — (Also firework 
rocket tube or firework rocket casing) — A paper tube 
used as the body of a firework rocket motor. The tube 
needs to be sufficiently strong to contain the high in- 
ternal pressure during the functioning of the rocket 
motor, so it is usually made of convolute-wound kraft 
paper. A range of examples is shown below. 


oe ay 


Page 494 


In the US, rocket motor cases are said to be named 
according to the weight of lead balls, each having the 
same diameter as the internal diameter of the case, 
and which will fit inside the length of the case. For 
example, a 4-ounce rocket motor case has an ID of 
0.5 inch (12.7 mm). The weight of one lead ball of 
this diameter is approximately 0.4 ounce. On average, 
the length of an American firework rocket motor case 
is about 10 times the internal diameter. Thus, the total 
number lead balls that the motor case can contain is 
approximately 10, for a total mass of 10 times 0.4 
ounce, or 4 ounces. The calculations for the other 
rocket sizes are done similarly. 


A listing of some fairly typical sizes of firework 
rocket motor cases used in the US today is presented 
below. 


For conversions to SI units, 1 inch = 25.4 mm. 


These dimensions are somewhat different from those 
commonly used in practice, and, except for the 4- 
ounce rocket, the sizes used in practice are marginally 
smaller. 


Historical: In 18" century Europe, the size of a fire- 
work rocket motor case was specified by the weight 
of a lead ball having a diameter sufficient for the ball 
to be a sliding fit inside the support mold in which 
the case was contained while it was being charged with 
composition. According to the French engineer, ex- 
plorer and polymath Amédée-Frangois Frézier (1682— 
1773) this method of specifying rockets was more 
consistent than the alternative, used by some pyrotech- 
nists. (The alternative was to specify the weight of the 
completed rocket, which varied depending on the 
weight of stars or other garniture that the finished rock- 
et carried.) Frézier described the mold in which a rock- 
et was charged as ‘a little gun’, so it was natural to 
specify the size of this ‘gun’ by the weight of a spheri- 
cal lead bullet that would just fit into it. A table of rock- 
et sizes (Maskall, 1785) as used at the Royal Labora- 
tory at Woolwich, England in 1785 is presented below. 


Encyclopedic Dictionary of Pyrotechnics 


Tube OD | Tube ID| Tube Length 
Description | (in.) ©) (a) (in.) ® 


For conversions to SI units, 1 inch = 25.4 mm. 
a) Reported to two decimal places. 


Apart from showing that some very large rockets 
were used in those days, the table reveals that the 
rockets were all specified to the same proportions. 
The ratio of the inside diameter to the outside diame- 
ter was consistently 0.72, the wall thickness was con- 
sistently 0.20 times the inside diameter and, with the 
sole exception of the smallest (i.e., 4 ounce) rocket, 
the length of the case was consistently 10.4 times the 
inside diameter. These dimensions were specified in 
decimals of an inch (often to three decimal places). 


The tube OD dimensions in this table correspond (to 
within about 1%) to the diameters of lead balls of the 
specified weights calculated from the modern value 
(11.34 g/cm’) for the density of lead, using conver- 
sion factors of 1 pound = 453.6 grams and | inch = 
25.4 mm. These data from Woolwich seem to be the 
most detailed summary of the old way of specifying 
the sizes of rocket motor cases. This scheme of no- 
menclature will be referred to in the rest of this entry 
as the Woolwich system, even though it was also 
widely used in France and elsewhere. 


During the 19" century, the use of rocket molds by 
firework-makers gradually disappeared, but the old 
nomenclature persisted. The outside diameter of a 
rocket could vary a little, depending on the paper 
used, so the criterion for the size of a rocket motor 
case became the internal diameter of the case, which 
was fixed by the diameter of the former on which it 
was rolled. This was the same value specified for a 
rocket of the designated size in the Woolwich system, 
rounded to a convenient fraction of an inch. For ex- 
ample, the 4-ounce rocket, which in the Woolwich 
system had an internal diameter of 0.76 inch, came to 
have an internal diameter of 0.75 (i.e., %) inch; the 8- 
ounce rocket, which in the Woolwich system had an 
internal diameter of 0.96 inch, now had an internal 
diameter of one inch, and so on. 


Over the years, this usage was not followed exactly, 
and by 1878 the English pyrotechnist Thomas Kentish 
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(1810-1894) abandoned it. He preferred instead to 
describe his rockets simply by the internal diameter 
of its case, a practice that had already been adopted 
by French and German firework-makers. Nonethe- 
less, the old nomenclature survived in the UK well in- 
to the 20" century. The sizes of firework rocket mo- 
tor cases that were made by a prominent British fire- 
work firm in the first half of the 20" century (Brock, 
1949) are presented below. 


For conversions to SI units, 1 inch = 25.4 mm. 


Comparison with the corresponding values in the 
Woolwich table, or applying the formulas implicit in 
it, finds that Brock’s 2-ounce rocket was larger than the 
correspondingly named rocket in the Woolwich sys- 
tem, and in fact corresponds to a2.25-ounce rocket un- 
der that system. In contrast, the bore of the 6-pound 
rocket corresponds to that of a 3.5-pound rocket spec- 
ified under the Woolwich system, and there seems no 
justification for designating the rocket as 6 pound 
(apart from obvious commercial considerations). 


The evolution of rocket-size nomenclature in the US 
has not been traced successfully. The American chem- 
ist and pyrotechnist James Cutbush (1788-1823) de- 
scribed the then-conventional method based on the 
size of a lead ball that had the same diameter as the 
outside diameter of the case. He quoted the French 
pyrotechnist A. M. Thomas Morel, who wrote about 
the method in 1800. Over the course of the 19" cen- 
tury, this old, but completely consistent and rational, 
method had degenerated to such an extent that the 
American pyrotechnist George W. Weingart (1871- 
1948) was able to advise that ‘for the so-named 8- 
pound rockets the same cases can be used as for the 
6-pound rockets’. The size of rocket cases given by 
Weingart is presented below, but Weingart himself 
noted that the sizes used in practice varied so much 
that the numbers he gave were only approximate. 
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Tube ID | Tube Length 
Description (in.) (in 


For conversions to SI units, 1 inch = 25.4 mm. 


Davis (1941) provided somewhat different values for 
two of these sizes (presented below). 


For conversions to SI units, 1 inch = 25.4 mm. 


Recent US rocket motor cases are much smaller than 
those of the same name as specified under the Wool- 
wich scheme. For example, Weingart’s 1-pound rocket 
corresponds to a 4-ounce rocket in the Woolwich 
nomenclature, while his 6 (or 8) pound rocket would 
be a 2-pound rocket under the old system. Some of 
the sizes specified by Weingart are the same as, or 
similar to, those in current use in the US, and there- 
fore can be rationalized as corresponding to the weight 
of lead balls that they could contain, but others can- 
not be fitted into that scheme at all. It is not known 
when, or by whom, that sizing scheme was intro- 
duced. It is plausible that the designation of small 
rockets by names that once applied to much larger 
rockets was motivated by the commercial chicanery 
characteristic of highly competitive markets. 


FIREWORK ROCKET MOTOR TOOLING — Most 
commonly, Black Powder firework rocket motors are 
made with a tapered core running most of the length 
of the propellant grain. Typically, the tooling used to 
make firework rocket motors consists of a spindle (on 
a base) and a series of rammers. A motor casing for a 
2-pound (US) rocket, the core forming spindle and a 
series of 5 rammers of decreasing length is shown be- 
low (from left to right). 
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The aluminum spindle appears black because it has 
been anodized and coated with Teflon to facilitate its 
removal from a completed rocket motor. The tapers 
near the base of the spindle and the end of the longest 
rammer will form the rocket’s nozzle from a com- 
pressed increment of clay. Thereafter the ends of the 
rammers are cut square. Rammers that need to ac- 
commodate the presence of the spindle have a central 
hole of varying diameter consistent with the taper of 
the spindle. The final rammer is used to compress the 
final (i.e., clay) increment and has a projection to 
make a hole (1.e., fire hole) through the clay plug, and 
through which fire will be communicated to the head- 
ing of the rocket. 


A depiction, in cross section (somewhat compressed 
in height), of the use of rocket tooling at an early 
stage in the process of making a firework Black 
Powder rocket motor is illustrated below. 


Rammer 


Rocket Motor 
Casing 


Spindle 


Clay Nozzle 


Spindle Base 
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FIREWORK ROCKET RACK - See firework stick rocket 
rack. 


FIREWORK ROCKET TUBE — See firework rocket motor 
casing. 


FIREWORK ROCKET TYPE, BASIC — Firework rock- 
ets can be divided into four basic types (stick rockets, 
missiles, spin-stabilized rockets and line rockets) 
based on their method of flight stabilization. (See 
rocket flight stabilization method.) Within each of 
these basic types, a myriad of different effects can be 
produced, a few of which are discussed in the entry 
firework rocket type, specific. 


stick rocket — (Also skyrocket) — A type of rocket 
having a rocket motor attached to a long, thin stick 
stabilizes its flight once the stick rocket has reached a 
sufficient velocity. 


A stick rocket may produce a trail of sparks while as- 
cending and/or it may have a firework rocket heading 
(i.e., payload) containing a salute, stars or other ef- 
fects and a burst charge. After completion of its 
flight, the rocket tube and stick usually fall swiftly to 
the ground essentially intact. The general construction 
of a stick rocket is illustrated below in cross section. 


Firework Stars or 
Components 


Rocket Heading 
Casing 
Clay 


Fire Hole 


Rocket Composition 


Rocket Motor Core 


Rocket Motor 
Casing (Paper) 
Pe Ignition Fuse 


Clay Rocket Nozzle 


Long Stabilizing Stick 


The fuse is commonly held in place by using one or 
more of three methods (not shown in the above draw- 
ing). It may be secured in place by the use of a sub- 
stantial amount of prime composition applied in the 
area of the rocket nozzle; secured by the insertion of a 
piece of inert material (e.g., a wad of paper) into the 


Encyclopedic Dictionary of Pyrotechnics 


rocket nozzle; or secured with 
a wrap of tissue-paper nosing 
around the lower end of the 
rocket motor, as in the right- 
most two firework rockets 
shown on the right. In the left 
two examples, the fuse is pro- 
tected by an easily removable 
red plastic covering. 


The heading of the rocket is 
ignited when the core-burning 
rocket motor burns to comple- 
tion, with fire flashing 
through the fire hole (also de- 
scribed as a flash hole), as 
shown in the previous illustra- 
tion. 


Firework rockets are seldom 
used in commercial firework 
displays because they can pose 
safety problems (i.e., they can 
travel long distances with 
somewhat unpredictable trajec- 
tories in addition to the fallout 
of the stick and motor casing). 
They are also less efficient than 
aerial shells in launching a large 
payload high into the air. An 
example of a display firework 
rocket is shown at the right; 
where A is the rocket motor, B is 
the guidance stick (with the igni- 
tion fuse in front of it), C it the 
primary rocket heading, and D 
is a final salute. 


Despite their drawbacks, using 
stick rockets in displays can 
produce very interesting effects. 
This is because, unlike most 
types of aerial shells, normally 
performing rockets can be made 
to accurately control the orien- 
tation of the contents of the 
heading at its time of function- 
ing. Thus, the orientation of the 
pattern of the effect produced by 
the heading can be accurately 
controlled for best viewing. 
Two examples are shown below 
(the one on the right is two su- 
perimposed images of the same rocket heading). 


P. C.: Jimmy Yawn 
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Very small stick rockets are commonly referred to as 
bottle rockets in the US. 


bottle rocket — (Also pop-bottle rocket) — A type of 
small stick rocket that traditionally was launched 
from a bottle. The rocket motors are approximately 4 
inch (6 mm) in diameter and the overall length of the 
rockets (with sticks) is approximately 11 inches (275 
mm). A collection of bottle 
rockets is shown at the right. 


Bottle rockets often have a 
small amount of flash powder 
loaded into the top of their 
motor casing, such that it pro- 
duces a pop sound near the 
top of their trajectory. The 
rocket propellant is usually a 
modified Black Powder. In re- 
cent years, whistle composi- 
tion has also been used as the 
propellant for these rockets, 
as exemplified by the left set 
of rockets shown on the right. 


Bottle rockets are controversial in many regions be- 
cause they are blamed for starting roof fires and other 
fires. In fact, while dry grass fires are a significant 
possibility if the rocket reaches the ground while still 
burning, an independent study showed that roof fires 
are quite unlikely, even for highly weathered wooden 
shingles. Note that larger stick rockets are sometimes 
improperly described as bottle rockets. These larger 
rockets (especially those containing stars) probably 
can start roof fires; this topic has not yet been care- 
fully investigated. 


Part of the problem with bottle rockets is that when 
they are shot from bottles, the rocket’s trajectory may 
be somewhat unpredictable making these devices less 
safe. For this reason, it is recommended that bottle 
rockets be shot from small diameter tubes that are 
longer than the length of the rocket stick. This meth- 
od better aims the rocket in its intended direction by 
providing better guidance early in its flight. The pre- 
ferred tube method for launching bottle rockets, using 
a small diameter tube inserted into the ground (or 
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otherwise securely held in place) is shown below. 
Even well aimed bottle rockets can have unpredicta- 
ble flight paths. 


In the UK, any rocket less than 12 mm diameter is 
banned under the Fireworks (i.e., safety) regulations. 


firework missile — A type of rocket has attached 
fins that stabilize its flight once the firework reaches 
a sufficient velocity. Two examples are shown below. 


a 
4 


The missile may produce a trail of sparks while as- 
cending, and it may have a firework rocket heading 
(i.e., payload) containing a salute, stars or other ef- 
fects. After completion of its flight, the rocket tube 
and fins fall to the ground, usually intact. Firework 
missiles are seldom used in commercial firework dis- 
plays because they can pose safety problems and are 
less efficient than an aerial shell in launching a heavy 
payload. Nonetheless, sufficiently talented individuals 
can produce missiles that provide a truly interesting 
accent to displays because of the sound of their as- 
cent, the dense spark trail produced, and the great 
height often achieved. Some extremely large missiles 
to be fired at a firework convention are shown below. 
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Photo Credit: Greg Gerstner 


spin-stabilized rocket — (Also spin-stabilized 
firework rocket) — A number of firework devices em- 
ploy spin stabilization (see rocket flight stabilization 
method) to achieve reasonably well controlled flight. 
An example of a firework item that is stabilized by its 
rapid rotation about its longitudinal axis is the Color- 
ful Bird. Other firework devices, such as tourbillions, 
are stabilized by rotation about their transverse axis. 


In some types of small spin-stabilized firework rock- 
ets, initial flight guidance is provided by a short, thin, 
vertical rod that fits loosely up into the clay exhaust 
nozzle of the device. With these designs, it is im- 
portant that the device begin spinning on the rod be- 
fore it lifts-off. Tourbillions (and helicopters) have a 
stick (or minimally effective wings) mounted across 
its casing to keep it in the proper orientation while 
spinning on the ground before lifting off. Some larger 
spin-stabilized firework devices, such as girandolas, 
are stabilized by the device first spinning as a hori- 
zontal firework wheel before lifting off its support. 


line rocket — (Also tethered rocket, grid rocket, radio, 
rat or pigeon) — A case, typically fitted with a nozzle 
or choke, charged with a fast burning composition 
and attached to a line (e.g., a cord or wire), as illus- 
trated below. 


Guide Wire 
(Line) 


fl Spray of Sparks Rocket or Gerb 


When functioning, the device is propelled in a con- 
trolled manner along the line, instead of flying freely. 


Direction of Travel . 


= Guide Tube 
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Some devices, which may be described as pigeons 
(illustrated below), may have multiple rockets (for 
linear motion) and drivers (for rotational motion) at- 
tached, so that the device (illustrated below) rotates 
as it travels along the line. 


Illustration credit: The Firework Museum 


This example of such a device is from a C. T. Brock 
and Co.’s ‘Crystal Palace’ Fireworks Ltd catalog from 
the late-19" century. 


Historical: Line rockets have a long tradition in fire- 
works. For example, the illustrations below date to 
the 17" century. First is a view with the lines strung 
between two trees, and then there are two enlarge- 
ments more clearly showing a line rocket (left) and a 
radio (right), which was described as a ‘Swevel’. (In 
the right enlarged drawing, E is a fuse that carries fire 
from the end of the first rocket to ignite the second 
rocket for the return flight.) By increasing the number 
of rockets, the device can be made to travel back and 
forth several times; when the cable on which it is are 
mounted is unseen in the dark, the effect is both 
amusing and mysterious. 


Illustration credit: Bate, 1654 
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FIREWORK ROCKET TYPE, SPECIFIC — Within each 
of the basic firework rocket type, a myriad of differ- 
ent effects can be produced, a few of which are dis- 
cussed below. 


flash rocket — A firework rocket that only contains a 
charge of flash powder in its rocket heading and thus 
ends its flight with a loud report and a flash of light. 
These devices have been used as pest and predator 
control devices to frighten birds from airport run- 
ways, orchards, etc. For regulatory purposes, these 
rockets may be classified as agricultural pyrotechnic 
devices. 


liquid-fire rocket — There are accounts of white 
phosphorus having been used as a garniture in fire- 
work display rockets to produce an effect described 
as ‘liquid fire’. A rocket would be specially equipped 
with a cylindrical heading or ‘pot’ having a wooden 
cap. A small charge of Black Powder was isolated at 
the bottom of the pot by a waterproof seal. White 
phosphorus would be brought to the display site as 
short, cylindrical sticks or broken lumps (approxi- 
mately 0.75 inch, 19 mm), and stored under water in 
a container. Just before firing the rocket, the operator 
would remove the wooden cap, tip the water from the 
container of white phosphorus, quickly dump the still 
wet phosphorus into the pot and replace the wooden 
cap. The rocket would then be fired without delay. 


At the apex of the rocket’s flight, the Black Powder 
would ignite, in turn igniting the phosphorus and dis- 
persing it into the air. The falling cascade of molten 
phosphorus burned bright greenish-yellow and trail 
thick white smoke. As spectacular the effect might 
have been, the consequences of anything going 
wrong with such a display could be disastrous. White 
phosphorus is extremely toxic; as little as 50 mg can 
be a lethal adult human dose. White phosphorus also 
spontaneously ignites in air at very low temperatures 
(86 °F, 30 °C), and it can produce very serious burn 
injuries. It is most unlikely that any modern jurisdic- 
tion having authority over a firework display would 
ever permit such a display to be attempted, should 
any operator be so bold as to propose it. 
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strobe rocket — A firework 
rocket that produces a brilliant 
strobe effect, accompanied by a 
‘phutt-phutt-phutt’ sound, dur- 
ing its ascent. An example of a 
flight of three strobe rockets is 
shown at the right. 


In addition to the simultaneous 
flash reactions of the three rock- 
ets, the locations of some of their 
previous flash reactions are 
shown as small points of light. 
The strobe rate of the rockets 
was approximately 10 flashes 
per second, with each flash last- 
ing approximately 0.05 second 
and followed by approximately 0.05 second of no light 
production (i.e., invisibility). 


Photo credit: 
Eldon Hershberger 


The rockets were made with a strobe composition 
pressed tightly into a strong casing as a rocket motor. 
The details of the design of a strobe rocket are criti- 
cal. There is only a small performance range between 
a strobe rocket not producing enough thrust for lift- 
off and its exploding. A concern during manufacture 
is that strobe compositions are somewhat sensitive to 
accidental ignition from mechanical action. Thus, the 
pressing of strobe compositions into the rocket motor 
casing must be done with caution. Although strobe 
rockets are quite effective and attract considerable at- 
tention, they are evidently not manufactured com- 
mercially. 


FIREWORKS -— ‘Fireworks’ is the plural of the noun 


‘firework’; but it is common for the word to be used 
incorrectly as an adjective. For examples of such in- 
correct use, consider the noun phrases ‘fireworks dis- 
play’ and ‘fireworks device’, for which the grammat- 
ically correct forms are ‘firework display’ and ‘fire- 
work device’. The authors have attempted to be gram- 
matically correct in this text, but do not expect that the 
common usage will soon change. 


For the name and general description of a number of 
basic types of firework devices, see firework name 
and description (general). 


FIREWORKS (publication) — A full color magazine- 


style publication appearing twice a year and averaging 
over 50 pages. “Fireworks” is Europe’s only maga- 
zine for firework enthusiasts and the trade. It was 
first published in 1982 and continues today. An ex- 
ample of one cover of the magazine is shown below. 
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Photo Credit: J. Bennett, “Fireworks” (Cartoon© Chris Sturtridge) 


“Fireworks” is international in scope while emphasiz- 
ing British matters. Its forte is good quality, enter- 
taining writing and lavish illustration. The content of 
“Fireworks” includes nostalgic pictures and text on 
old fireworks, editorials and letters, reviews, trade 
news, humorous offerings (cartoons—new and nos- 
talgic) and articles on all aspects of fireworks. For 
more information see: www. fireworks-mag.org 


FIREWORK SAFETY FUSE — See visco fuse. 


FIREWORK SALES LOCATION — (Also firework stand 
or firework store) — A site where consumer fireworks 
are available for sale to the general public. In some 
jurisdictions, such locations are the only places where 
fireworks may be sold legally. Fire codes, such as 
those of the National Fire Protection Association in 
the US, have specific requirements for various types 
of firework sales locations (NFPA 1124, “Code for 
the Manufacture, Transportation, Storage, and Retail 
sales of Fireworks and Pyrotechnic Articles”). These 
requirements include things such as how close sales 
locations may be to other buildings, the nature of 
their construction and the amount and arrangement of 
the fireworks on display. In addition, many local ju- 
risdictions establish limits on the days and hours that 
sales locations may be open for business and other 
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requirements, such as who may operate the sales out- 
lets and the type of fireworks that may be sold. 


In the UK, some firework shops are licensed for sales 
all the year round and others have short-term licenses 
that limit sales to the three weeks preceding Guy 
Fawkes Day (November 5"™.) 


firework stand — Typically a freestanding tempo- 
rary structure having a roof, doors, shelving—with a 
mostly open front and a counter where fireworks are 
sold to the public. Firework stands are especially 
common in the US. An example of a firework stand 
is shown below. 


Temporarily erected tent structures have become an 
increasingly common type of firework stand. 


firework store — Typically a permanent structure 
dedicated primarily to the sale of fireworks to the 
general public. Many of these stores are large, oper- 
ate year-round and sell a large variety of consumer 
fireworks. Examples of a firework store and a portion 
of its contents are shown below. 
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It is not unusual for these stores to be located along 
major highways and for their customers to be travelers 
only passing through the area. 
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FIREWORK SALVO - See barrage, firework. 


FIREWORKS BUSINESS (publication) — (Abbreviated 
FB) — A newsletter-style publication with monthly is- 
sues averaging about 12 pages. It is a business- 
oriented publication for firework companies and in- 
dividuals working in the firework trade. It was first 
published in 1984 and continues today. An example 
of one cover of the newsletter is shown below. 
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CHANGING MICHIGAN FIREWORKS LAW 


By Andy Webb 
Captain Boom Fireworks LLG 


In the Spring of 2006, the Indiana Governor signed a 
bill that legalized all consumer fireworks in Indiana. 
The state had allowed the sale of all consumer fire- 
works for many years, but it was still illegal for Indiana 
residents to discharge aerial consumer fireworks with- 
out a permit. Fireworks purchases were supposed to 
be taken out of state within a few days, and the law 
was regularly flouted. In my opinion, the key provision 
of this new law was the implementation of a 5 percent 
“user fee". The funds raised by the user fee are to be 
used to support fire service in the state. 


Every year in Michigan, people who want to celebrate 
Independence Day with consumer fireworks will drive 
to Indiana (or other states) to purchase fireworks for 
use back at home. It is very common to see fireworks 
being discharged all over the state, with no legal reper- 
cussion to the user. Michigan's fireworks law was 
originally passed in 1931, the terminology is out of 
date, and the law does not reflect the current state of 
Federal regulations regarding fireworks. The law does 
allow sparklers, fountains, and smoke; but does not al- 
low “Firecrackers, torpedoes, skyrockets, roman can- 
dies, daygo bombs, bottle rockets, whistling chasers, 
rockets on sticks, or other fireworks of like construc- 
tion.” For those who wish to reference the law, it can 
be found by doing @ Michigan Compiled Law (MCL) 
keyword search at www.legisiature.mi.goy for “fire- 
works”, (The law is MCL 750.243a through e.) 


The idea of imposing a user fee on fireworks sales 
got me thinking: If Michigan were to liberalize its law, 
and impose @ similar 5 percent fee, then the state 
would have a new revenue source in the form of the 
fee, as well as the abllity to collect sales tax on fire- 
works sales, local properly taxes on fireworks busi- 
nesses, and income taxes on the employees of fire- 
works companies. Sounded like a win-win situation to 
me, with fireworks for the masses, and money for a 
state that badly needs it 


On Memorial Day of 2006, at a local celebration, | 
approached my legislators with the idea of changing 


them directly, without having to try and get past their 
staff. | came prepared with information on the recent 
changes to Indiana's law, and an article written by a 
fire chief that supported a liberalization of consumer 
fireworks laws. | talked individually with Rep. Tonya 
‘Schuitmaker (pronounced shoot maker) and Sen. Pally 
Birkholz about my idea. | presented my ideas, pointing 
out that anyone who wants to buy and shoot fireworks 
can do so with little fear of penalty, that every newspa- 
per in the state publishes the ‘run for the border to buy 
fireworks" article on the front page about a week before 
the Fourth, the fact that our law is old and out-of-date, 
and that it would be a great revenue source for the 
state. 


Rep. Schuitmaker was very supportive, and won- 
dered which groups might be antifireworks. This ques- 
tion surprised me, but | stated that it would likely be 
safety groups, and some people in the fire service. 
Others in the fire service would probably support the 
bill. At the end of our conversation, she stated that she 
would get someone to start working on a bill. | pre- 
sented the same information to Sen. Birkholz, and she 
was interested but more reserved in her opinion 


| didn't pay much more attention to the matter, being 
very busy with preparing and doing displays. To my 
surprise, | discovered that Rep. Schuitmaker, Rep. 
Dave Hildenbrand, and Sen. Birkholz issued a press 
release on June 29 suggesting that Michigan change 
its fireworks law. During the rest of the summer, a bill 
was crafted, and was introduced into committee. The 
committee held @ hearing and passed the bill to the 
House floor on September 12, 2008. | was disap- 
pointed that | had not had input on the bill, but pleased 
that something was being done. A work group meeting 
wes scheduled for October 4, and was attended by 
Rep. Schuitmaker; numerous state fire officials, includ- 
ing Andy Neumann, the state fire marshal; representa- 
tives from the Michigan Retallers Association, the 
Michigan Townships Association, TNT Fireworks, 
Phantom Fireworks, American Eagle Fireworks; Aaron 
Enzer representing the Michigan Pyrotechnics Arts 
Guild; a few individuals from the general public; and 
myself, representing Captain Boom Fireworks 


000 feet 


High Level Aerial 


200 feet 


i Ground Level Displays 


ground-level fireworks — Firework devices that 
function on or near the ground, typically producing 
their display within roughly 30 feet (10 m) above the 
ground. Examples of ground fireworks are fountains, 
lancework, wheels and saxons. 


low-level aerial fireworks — Firework devices that 
are propelled into the air, but they either begin their 
display on or near the ground or complete their dis- 
play within roughly 200 feet (60 m) above the 
ground. Examples of low-level aerial fireworks are 
comets, mines, Roman candles and multiple-tube de- 
vices (i.e., cakes and finale boxes) with mortars no 


more than about 2 inches (50 mm) in ID. 


Michigan's law. | approached them in this manner, as | Initially, the fire service personnel were very negative 
knew that | would be able to shake hands and talk to | about changing the law, buta constructive discussion 


high-level aerial fireworks — Firework devices that 
are propelled into the air and produce their primary 
display more than roughly 200 feet (60 m) above the 
ground. Examples of high-level aerial fireworks are 
aerial shells, rockets and finale boxes with mortars 
larger than about 2 inches (50 mm) in ID. 


Photo Credit: Jack Drewes 


The content of “Fireworks Business” includes current 
events affecting the firework trade, technical articles 
specific to firework devices or problems, news sum- 
maries of events from other countries, retrospectives 
of significant past events, reports on research and de- 
velopments in fireworks, governmental activities af- 
fecting the firework trade, editorials and letters to the 
editor, and both display and classified advertising. 
For more information see www.fireworksnews.com 


FIREWORKS DISPLAY — See firework display. 
FIREWORK SHELL — See aerial shell (fireworks). 


FIREWORK SLAT — See rail (fireworks). 


FIREWORKS, DESCRIPTIVE CLASSIFICATION OF — 
In the regulation of firework displays, fireworks are 
sometimes divided into three broad categories. This 
is based on the where the fireworks produce their 
primary display (ground level, low-level aerial and 
high-level aerial), as illustrated below. 


FIREWORKS NEWS - (Abbreviated FN) — A periodical 
newsletter first published in January 1970 that con- 
sisted of 9 monthly issues. In August of 1970, it merged 
with the publication “American Pyrotechnist” (AP) to 
become the “American Pyrotechnist Fireworks News” 
(APFN). The issue numbers were continued consecu- 
tively, with “Fireworks News” ending with issue 9 
and “American Pyrotechnist Fireworks News” begin- 
ning with issue 10. 
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FIREWORK SPECIAL EFFECT — See special effect. 


FIREWORK STAND and FIREWORK STORE — See 
firework sales location. 


FIREWORK STICK ROCKET RACK — An apparatus 
used to hold the stick of a firework rocket in a rela- 
tively safe orientation for launching the rocket. The 
rack may aim the rockets vertically or in a fan shape. 
An example of several rocket racks, each with 8 
rockets ready for firing, is shown below. The rocket 
sticks have been inserted into the racks, leaving little 
more than the rocket motor, fuse and heading above 
the rack. 


Photo credit: Jimmy Yawn 


The use of a device to 
help guide stick rockets 
during the early portion 
of their flight is not new, 
as documented by the 
historic illustration at the 
right. It shows more 
clearly how the device 
was loaded and the rock- 
ets discharged. 


The fact that this type of 
rocket rack was made 
from a wheel may ex- 
plain an otherwise puz- 
zling historical use of 
‘girandole’ or ‘girande’ to refer to the simultaneous 
firing of large numbers of rockets. Originally, the 
term ‘girandole’ or ‘girandole’ referred to any type of 
spinning firework, and thus to a firework wheel. It is 
somewhat plausible that the name came to be applied 
to a rocket rack made from a wheel (as illustrated 
above), and thus to the effect produced by the rapid 


Photo credit: Hagley Museum 
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discharge of rockets from such a rack, and ultimately 
to a mass firing of rockets, irrespective of the type of 
rack used. Today the term girandola is used for flying 
wheels driven by firework rocket motors and/or driv- 
ers. These devices were evidently introduced in the 
mid-19" century, and presumably the modern name 
for them is a carry-over from the days when firework 
wheels were referred to as girandoles or girandolas. 


FIREWORK SUPERVISOR — A Canadian term that is 
approximately equivalent to the US term display op- 
erator. 


FIREWORK TEMPLE — See machine (fireworks). 


FIREWORK TERMINAL BOARD or FIREWORK TER- 
MINAL STRIP — See rail (fireworks). 


FIREWORK TIME FUSE — See time fuse. 
FIREWORK TORPEDO -— See torpedo, firework. 


FIREWORK TYPE — See firework name and description 
(general). 


FIREWORK WASTE DISPOSAL — See disposal, pyro- 
technic. 


FIREWORK WHEEL — See wheel, firework. 
FIRING AREA (fireworks) — See discharge site. 


FIRING CABLE — Insulated wires (or a bundle of 
wires) that connect a firing unit or blasting machine 
to the leg wires of electric matches or detonators. 


In firework displays: The firing cable will commonly 
connect a firing unit to firework rails (also described 
as terminal strips, slats or terminal boards) or termi- 
nal boxes for the purpose of connecting to a number 
of individual electric matches. 


FIRING CIRCUIT — An electrical circuit that connects 
electric-match (or detonator) leg wires to a firing unit 
or blasting machine. That circuit type may be a simple 
series, simple parallel or some combination thereof. 
While series firing circuits are most commonly used, 
each of the various electrical firing circuit type has 
its specific advantages and disadvantages. 


FIRING CIRCUIT TYPE — See electrical firing circuit 
type. 


FIRING CURRENT — The electric current applied to an 
electric match (or detonator) for the purpose of caus- 
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ing it to function. The firing current typically heats a 
bridgewire (i.c., a small diameter resistance wire), 
which causes the ignition of a tiny amount of tempera- 
ture-sensitive pyrotechnic material in contact with the 
wire. (See electric match and detonator entries for 
more information about their construction, functioning 
and use.) Whether or not an electric match will fire 
depends on the amount and duration of the current ap- 
plied to the electric match. This information, in graph- 
ical form, is presented below for reasonably typical 
electric matches used in the entertainment industry. 


All-Fire Region 


a 
= 
0.01 = a Seas 


0.0001 0.001 0.01 0. 
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Illustration credit: Atlas Powder, 1987 


For typical electric matches, the no-fire current is ap- 
proximately one-quarter ampere, the all-fire current is 
approximately one-half ampere, and the recommended 
firing current is approximately one ampere. The man- 
ufacturer’s specifications should be consulted for ac- 
tual values. 


On some occasions, for some electric matches, espe- 
cially when only minimally sufficient current is ap- 
plied, it has been observed that there can be an in- 
complete ignition of the electric match composition. 
An electron micrograph of one example is shown be- 
low. In this case, only one side of the electric match 
functioned, leaving a substantial portion of the match 
composition unburned. The reason for this type of 
partial functioning is not fully understood. 
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One potential ramification of such incomplete func- 
tioning is a somewhat reduced probability of the suc- 
cessful ignition of the pyrotechnic device attached to 
the electric match. 


Some electric matches will fail to function at all if ei- 
ther: a moderately low level of current (a little less 
than sufficient for ignition) is applied for several sec- 
onds before applying full firing current, or the firing 
current is increased slowly (over several seconds) 
from zero to well above the all-fire current. This 
seems to be the result of the relatively slow decom- 
position of the electric match composition from 
around the bridge wire; such that the bridgewire be- 
comes thermally uncoupled from the bulk of the 
match composition. When this occurs, even the sub- 
sequent fusing (i.e., melting) of the bridgewire may 
not result in ignition of the electric match. 


Intermittent firing current can also cause an electric 
match malfunction. This problem may be caused by 
mechanical switch chatter. When this occurs, fairly 
high currents, which would normally be sufficient to 
function the electric match, are of too short a duration 
to supply sufficient energy to fire the match. These 
short, repetitive current pulses may not heat the 
bridgewire sufficiently to ignite the match composi- 
tion, but they may be sufficient to stress the bridgewire 
thermally and mechanically. The result can be mal- 
function due to a broken bridgewire or an uncoupling 
of the ignition composition from the bridgewire. 


Following are several terms associated with the testing 
and firing of electric matches and electroexplosive 
devices. 


no-fire current—The maximum electric current that 
can be applied to an electroexplosive device (e.g., an 
electric match) under specified conditions without 
causing the functioning of the device. 


For an electric match: The no-fire current is some- 
times defined as the maximum electric current that 
can be applied to an electric match for 5 seconds and 
produces zero (0) ignitions in 100 trials of matches 
drawn randomly from production. The no-fire current 
for typical electric matches used in the entertainment 
industry is approximately 0.2 ampere. 


all-fire current — The minimum electric current 
that must pass through the bridgewire of an electro- 
explosive device (e.g., an electric match) under speci- 
fied conditions to cause it to function reliably. 


For an electric match: The all-fire current is some- 
times defined as the minimum electric current that 
must be applied to an electric match for no longer 
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than 0.05 second and that produces 100 ignitions in 
100 trials of electric matches drawn randomly from 
production. The all-fire current for electric matches 
typically used in the entertainment industry is ap- 
proximately 0.5 ampere; typically, the recommended 
firing current is approximately | ampere. 


maximum test current — The maximum electric 
current to be used to determine continuity of an elec- 
trical firing circuit. It can be applied to an electric 
match or electroexplosive device for an extended pe- 
riod of time without causing it to function and with- 
out degrading the eventual functioning of the device. 
The recommended test current will typically be sub- 
stantially less than the no-fire current. While apply- 
ing an electric current comfortably below the no-fire 
current may be safe from the standpoint of causing an 
accidental ignition, if that current is applied for more 
than a few seconds, some devices may later fail to 
function when the recommended firing current is ap- 
plied. This type of malfunction is typically the result of 
a loss of thermal contact between the bridgewire and 
the pyrotechnic composition surrounding it. Such a 
malfunction is avoided by using a current no greater 
than the maximum test current specified for the device. 


maximum test current (US) — The maximum test 
current allowed in the US is 0.05 ampere or 20% of 
the no-fire current, whichever is less. This provides 
an ample continuity test current without risk of firing 
the electric matches. 


recommended firing current — The electric cur- 
rent applied to an electric match or an electroexplo- 
sive device to cause operation of the device within in 
a specified time and with a specified degree of relia- 
bility. An electric current less than the recommended 
firing current can result in an ignition failure. 


minimum recommended firing current — The 
lowest electric current recommended for reliable func- 
tioning of an electroexplosive device within its stated 
parameters. It is possible for electroexplosive units to 
fail when marginally sufficient current is applied. This 
is especially the case when an attempt is made to fire 
several devices in a series electrical circuit. The min- 
imum recommended firing current for reliable func- 
tioning is typically about twice the all-fire current. 


maximum recommended firing current — The 
greatest electric current recommended by the manu- 
facturer that ensures the safe and effective perfor- 
mance of an electric match or detonator. Some elec- 
troexplosive units may fail when exceptionally great 
electric currents are applied. 
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FIRING DEVICE — Any device intended to cause the 
functioning of a pyrotechnic or explosive item. The 
firing device may function by chemical, mechanical 
or electrical means. 


FIRING LINE, BLASTING — (Also lead wire, blasting 
line or shooting cable) — The wire connecting the firing 
unit (i.e., electric power source) with the electric 
blasting circuit composed of one or more detonators. 


FIRING PANEL, ELECTRICAL - See firing unit, electri- 
cal. 


FIRING PIN — A relatively thin, pointed metallic rod 
used to strike or penetrate a percussion-sensitive or 
stab-sensitive pyrotechnic or explosive item, which 
upon functioning is usually intended to cause some 
other substance to react. A firing pin with a rounded 
point is commonly used in most modern small arms. 


FIRING PROCEDURE (fireworks) — See manual aerial 
shell firing procedure. 


FIRING SEQUENCE (fireworks) — The order in which 
firework devices are fired in a display. This may in- 
clude aerial shells, multiple-tube devices, lancework, 
Roman candles and other types of firework devices. 


FIRING SITE (fireworks) — See discharge site. 


FIRING SYSTEM, ELECTRICAL — See firing unit, 
electrical. 


FIRING UNIT, CAPACITIVE DISCHARGE — (Also CD 
firing unit) — An instrument used to fire an electric 
match. The electric match may directly ignite a pyro- 
technic charge or device, or it may be the initiating 
element for a squib or a detonator. Capacitive dis- 
charge firing units are typically powered by batteries 
and include electronic circuitry to produce voltages, 
in the range of a few hun- 
dred volts. The energy is 
stored in an electric capaci- 
tor until the closing of a 
switch (mechanical or elec- 
tronic) delivers the energy 
into the firing circuit. 


While CD firing units are 
used in many fields, the sin- 
gle-circuit unit shown at the 
right is made for use in ies & 


blasting. On the top of the o_— 
unit toward the back is a 


FIRE switch 
DO NOT PRESS FIRE SWITCH 
I LAMP DOES NOT LIGHT. 
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pair of connecting terminals (A); recessed into the top 
is a light (B) that indicates when the unit is fully 
charged (not visible in the photograph). One push 
button switch (C) is depressed and held to charge the 
unit and the other push button (D) is depressed to fire 
the attached circuit. 


The amount of energy (Q, in joules) stored in a ca- 
pacitor is: 


Q=1/2-C-V? 


Here, C is capacitance in farads, and V is voltage in 
volts. Using a capacitor charged to a relatively high 
voltage has the advantage of allowing the storage of 
much more energy than could be delivered by the in- 
ternal battery in the required timeframe. This allows 
the firing of more devices simultaneously and/or pro- 
vides the ability to use longer runs of thinner wire (i.e., 
higher resistance, but less expensive). (See Ohm’s law.) 


FIRING UNIT, ELECTRICAL — (Also electrical firing 
system) — A device to produce the ignition of a pyro- 
technic or explosive charge using electricity as the 
source of energy. Electrical firing units range widely 
in size and firing capacity. Most commonly, firing 
units ignite an electric match or similar device that 
has been attached to the principal charge to be initiat- 
ed, possibly with the aid of an ignition train and/or 
explosive train. 


Many larger electrical firing systems, those capable 
of firing many different circuits, may be described as 
an electrical firing panel rather than an electrical firing 
unit. When computers (or microprocessors) are used 
to control the timing and sequencing of the firing, 
those units may be described as being an automated 
or computer-control-led system. 


One feature common to all electrical firing units is a 
safe/arm switch or key. This is usually independent 
of the unit’s on/off switch, especially on larger sys- 
tems. Activating the safe/arm switch changes the unit 
from a passive, or continuity test mode, to an active 
mode capable of supplying firing current to attached 
devices. Another feature common to all electrical firing 
units is that two definite actions are required to produce 
an actual firing. One of these actions may be putting 
the safe/arm switch in the arm position, with the sec- 
ond action being throwing a switch for the specific 
circuit to be fired. Often one or both actions will use 
momentary contact switches that have to be held 
closed to fire a device, and they automatically return 
to their open (i.e., off) position when released. On au- 
tomated firing units, the safe/arm switch will often 
take the form of a dead-man’s switch, which is a 
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momentary switch that must be constantly held 
closed by the operator to allow the continued firing of 
the unit. 


hand-held firing unit — ,,,,,, 
Small firing units most often HH 
only capable of firing one or a 
few circuits. 


In fireworks: A single circuit 
capacitive-discharge firing unit 
is shown at the right. The fir- 
ing line connections are made 
to the two terminals on top of 
the unit (A). The on/off switch 
serves as the safe/arm switch, 
which must be held in the on 
position to charge the unit. 
When fully charged, indicator 
light (B) illuminates, and firing is accomplished by 
pressing the fire switch. 


An example of a non-com- 
mercially produced, low-volt- 
age (i.e., 6 V) firing unit ca- 
pable of firing up to five dif- 
ferent circuits by plugging in- 
to the various multi-pin re- 
ceptacles near the top of the 
unit (A) is shown at the right. 
The unit is activated by tog- 
gling the power switch to the 
on position. The circuits to be 
fired are armed by toggling 
and holding one or more of 
the switches labeled 1 through 5, at which time lights 
adjacent to the switches will illuminate, providing 
there is electrical continuity in the circuits. The actual 
firing of the circuits is accomplished by toggling and 
briefly holding the fire switch. 


In model rocketry: An example of a hand-held firing 
unit of the type commonly used for firing a model 
rocket is shown below. Tethered to the unit is the key 
(A), which, when inserted into its receptacle (the 
opening A') and held down, arms the unit. At this 
time, if there is electrical continuity in the firing cir- 
cuit, the light (B) will illuminate. The actual firing 
occurs when the launch button (C) is depressed while 
the arming key is held down. 
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As a note of caution, some new low-firing-current 
model rocket igniters have recently been introduced 
that are not appropriate for this type of firing unit. 
This is because of the high level of test current used 
in the above unit (which is sufficient to light the in- 
candescent continuity bulb). Some of these new low- 
firing-current igniters will fire immediately when the 
arming key is depressed, without the launch button 
being depressed. 


In blasting: See blasting machine. 


electrical firing panel — A large firing unit, capa- 
ble of firing many circuits, is typically described as a 
firing panel; a simple example is shown below. This 
unit becomes activated in a circuit test mode when 
external batteries are connected to it; there is no sepa- 
rate on/off switch. Up to 100 firing circuits are con- 
nected to the unit via the four sets of multi-pin con- 
nectors (A). Individual firing circuit testing is accom- 
plished by momentarily toggling the corresponding 
switches (B) and noting the resistance indication on 
the meter (D). The circuit intended for firing is se- 
lected by toggling and holding the corresponding 
switch (B) and then toggling the master switch (C). 
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Most commonly, at the 
remote end of the firing 
cable is an electrical ter- 
minal strip or box used to 
make the individual con- 
nections to the leg wires 
of electric matches. Ap- 
parently based on_ their 
long thin appearance, these 
terminal strips are often 
described as firework rails; 
an example is shown at the 
right, on the ground along- 
side several mortar racks. 
Here, 25 pairs of electrical 
connecting points are ar- 
ranged in a long row on an 
approximately 2 by 2 inch 
(50 by 50 mm) square 
wooden beam. 


probe firing panel — (Also nail board) — An elec- 
tric firing panel in which the many circuit-selecting 
toggle switches are eliminated and replaced with 
electrical contacts and a probe (i.e., firing wand). One 
such firing unit is shown below. This unit has a key 
switch (A) to arm the unit. Selection of the circuit to 
be fired is accomplished by touching the metal tip of 
the probe (B) to one of the firing circuit contact 
points (C) and maintaining this electrical connection. 
The actual firing is accomplished by pressing the firing 
button (D, a momentary contact switch). 


Probe firing panels may sometimes be described as 
nail boards, a term of art from the special effects in- 
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dustry. At one time, strafing runs (simulating ma- 
chine gun firing) were accomplished with quite crude 
but effective versions of probe firing units. In this 
case, a series of nails were driven a short distance in- 
to a board, with the nails in a row and separated by an 
inch or two (25 to 50 mm). One side of each firing 
circuit was attached to one of the individual nails by 
simply wrapping the exposed end of the firing wire 
around the base of a nail on the board. The other 
sides of the firing circuits were connected in common 
to one side of a battery, such as a car battery. The 
other battery terminal was connected to another wire 
with its exposed end wrapped around the end of a 
loose nail (not driven into the board) on the end of 
the nail nearest its head. When the strafing run was to 
be performed, the loose nail was dragged across the 
series of nails in the board. Each contact with a nail 
on the board caused one charge (e.g., bullet hit) in the 
strafing run to fire. The rate of firing was controlled 
by how fast the firing nail was moved across the nails 
driven into the board. 


automated firing unit — (Also field controller) — 
An automated firing unit has the capability to execute 
a programmed sequence of circuit firings. This is of- 
ten accomplished with internal microprocessors, or in 
some cases (especially at fixed venues such as theme 
parks), by external computers. One example of an au- 
tomated firing system is shown farther below. 


Typically, automated firing units are also capable of 
manual firing, including selected individual item firing 
and programmed sequential firing. In the automated 
mode, programmed-timed-sequential firing is possible 
using an internal clock or, alternatively, firing may be 
controlled by one of the common time-code formats; 
the latter is more common for firework displays fired 
to music. 


Elaborate indoor and outdoor events may have multi- 
ple entertainment media synchronized to a common 
soundtrack that includes a time code to execute ef- 
fects such as pyrotechnics, lasers, special effects, 
flame effects, etc. These elements may also be con- 
trolled via common SMPTE (Society of Motion Pic- 
ture and Television Engineers) or FSK (frequency 
shift key) time-code formats or via a musical instru- 
ment keyboard using MIDI (Musical Instrument Dig- 
ital Interface) time code from that instrument. 
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field module — An electronic distribution point that 
is controlled remotely from an automated firing unit 
to provide the actual firing 
current for several indi- 
vidual firing circuits. The 
digital control signals to 
field modules may be sup- 
plied by cables or by wire- 
less communication. One 
type of field module is 
shown at the right with top 
and end views. 


The 16 pairs of terminal 
connections on the top are 
for connecting electric 
matches to firing circuits. 
The pair of rotary switches 
on the end of the unit is for 
setting the digital address 
of that field module. 


wireless firing unit — 
Wireless firing units are 
becoming increasingly 
common. These units consist of a controller and one or 
more field modules located remotely, near the items 
to be fired. 


Photo Credit: 
Explosive Images 


One of the smallest wireless units is shown below, 
where the controller is on the right and the field 
module is on the left. This system can fire two cir- 
cuits that are attached to the two pair of connectors 
(A). When the slide switch (B) is in the test position, 
the lights (1 and 2) will illuminate if there is continuity 
in the firing circuits. When the slide switch is in the 
fire (i.e., armed) position, the controller can be used 
to fire the circuits by pressing the two buttons (C). 
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A more typically sized, fully automated firing unit is 
shown below. 


A potential disadvantage of wireless firing units is 
that, in some instances, the radio signal can be blocked, 
or interfered with, sufficiently to prevent the firing of 
the circuits. For some extremely inexpensive units, 
extraneous radio signals could potentially cause unin- 
tended firings. Higher priced units will almost cer- 
tainly have been designed to generate (and respond 
to) coded digital signals intended to prevent such un- 
intended firings. 


FIRING UNIT, HAND-HELD ELECTRICAL — See firing 
unit, electrical. 


FIRST FIRE — In the context of an aid for ignition, see 
prime (noun). In the context of a smoke device, see 
smoke device, toy. 


FIRST LAW OF THERMODYNAMICS - See thermody- 
namics. 


FISH (fireworks) — See aerial shell name and description 
(specific). 


FISH AND WHISTLE SHELL — A traditional shell type 
in which the inserts perform immediately upon ex- 
plosion of the shell. In this case, there are two types 
of insert devices, whistles and fish (see serpents) that 


Encyclopedic Dictionary of Pyrotechnics 


produce a combination of audible and visual effects 
as they jet about in the sky, often leaving a spark trail 
in the process. 


FISSURE — An undesirable crack in consolidated, cast 
or extruded pyrotechnic or explosive materials. The 
crack(s) can increase burning rates and can affect 
physical characteristics of the material. 


FIX, FIXED CASE and FIXT CASE (fireworks) — See 
gerb. 


FIXED COPPER — See copper(II) sulfate—copper(II) 
hydroxide (1/3) monohydrate. 


FIXED PRODUCTION — A show (theatrical, firework 
or other) that is repeatedly performed with the same 
pyrotechnics or flame effects at the same physical lo- 
cation (i.e., venue). 


FIZZER, FIZZLER and FIZZOG — A mostly Australian 
colloquialism for a firework that fails to function as 
intended, especially a banger (i.e., a firecracker) that 
sprays fire (i.e., ‘fizzes’) instead of exploding. The 
term is now mostly obsolete in Australia, due to the 
widespread prohibition of consumer fireworks (and 
especially bangers). The term has also been used 
metaphorically to indicate a performance or event 
that conspicuously failed to meet expectations. 


FLAKE — A small particle of material that is relatively 
thin as compared to its other dimensions. Some met- 
als used in pyrotechnics are available in flaked form. 
Flakes provide a large surface-to-mass ratio and will 
usually result in a faster burn rate of the composition 
in which they are used. 


FLAKE ALUMINUM POWDER - See aluminum powder 
manufacturing method. 


FLAKE POWDER (small arms) — A thin, flat disc-shaped 
smokeless propellant, usually very fast-burning. 


FLAKE TITANIUM — See titanium particle type. 


FLAME — A luminous region consisting of hot, primarily 
gaseous, materials generated by acombustion reaction. 
The structure ofa flame depends on how it is produced 
and may be complex, but the fundamental feature of 
any flame is the flame envelope, which is the approx- 
imate limit of the region producing visible light. 


Pyrotechnic flames: Pyrotechnically generated flames 
usually have relatively constant internal temperatures 
within the flame envelope, as illustrated below. 
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Temperature Required 
for Effective Electron 
Excitation 


Temperature 


Distance from Burning Surface 


There is only a modest rise in flame temperature on 
moving away from the burning surface to point A in 
the illustration. This is because some of the fuel and 
oxidizer of the pyrotechnic composition have not ful- 
ly reacted on the burning surface and continue to re- 
act as they proceed away from the burning surface. 
After this, energy production ceases, and flame tem- 
perature begins to fall. At some point (between points 
B and C), the flame temperature falls to the point 
where it is insufficient to effectively excite visible 
light emission, thus defining the visible limit of the 
flame envelope. 


Non-pyrotechnic flames: Non-pyrotechnic burning re- 
lies on oxygen from the air to support the combustion 
reaction. This usually results in most (or all) of the 
combustion reaction taking place only in the outer 
limits of the flame envelope, where oxygen is diffus- 
ing into the flame and reacting with gaseous (or gasi- 
fied) fuel. In some cases, for example a natural gas 
(i.e., methane) flame, the inner portion of the flame is 
not burning and is only a little above ambient tem- 
perature. This is shown below with the flame of a la- 
boratory Bunsen burner (left), where a piece of card- 
stock is momentarily held in the flame (center). The 
charring of the card occurs only in the outer region of 
the flame, whereas the central-most portion of the 
flame leaves the card unaffected. After extinguishing 
the flame (right), it can be seen more clearly that 
charring of the cardstock only occurred in what had 
been the outer portion of the flame. 


A 


flame envelope — (Also plume) — The region produc- 
ing visible light surrounding a combustion reaction 
(illustrated below). 
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Burning 
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The hot, luminous gases produced by the combustion 
reaction are rapidly cooled as they come into contact 
with the surrounding air, or, in the absence of air, by 
the radiation of energy. This cooling is responsible 
for the sharp drop in luminosity that is described as 
the flame envelope. The difference in the tempera- 
tures at a point inside the flame envelope (point B) 
and one outside it (point C) depends on the distance 
between B and C. For example, over a distance of a 
few millimeters the absolute temperature may fall by 
several tens of percent. Such a relatively small tem- 
perature difference makes a huge difference to the ex- 
tent to which atoms and molecules are excited to emit 
visible light. This is a consequence of the non-linear 
relationship between the degree of excitation and the 
absolute temperature, as indicated by the Boltzmann 
equation. Furthermore, the relationship between the 
degree of dissociation of molecules in a gas and the 
absolute temperature is also indicted by the Boltz- 
mann equation, so the distribution of chemical spe- 
cies at points B and C will also depend strongly on 
the temperature at each point. The combination of 
these two effects produces a very large difference in 
the intensity of emitted light at the two points. This 
creates the sharp separation of the bright region of the 
flame from its surroundings that is referred to as the 
flame envelope. 


In some applications (e.g., military illuminating flares 
and rockets), the flame envelope may be described as 
a plume. 


flame emitters — Those chemical species present in 
a flame that are responsible for the production of 
photons (i.e., light). Flame emitters can be divided in- 
to two broad groups. 


Solid and liquid particles: At flame temperatures, only 
solids and liquids will incandesce to produce contin- 
uous emission spectra. The color and intensity of these 
emissions is dependent on temperature, with higher 
temperatures producing whiter and much brighter 
light. (See black body.) 


Gaseous atoms and molecules: Atomic and molecu- 
lar emitters, if excited to higher energy levels, will 
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produce line emission spectra and band emission 
spectra, respectively. At sufficiently high tempera- 
tures, some of these emissions will be in the visible 
range. When these atoms and molecules have emis- 
sions that predominate in one region of the visible 
spectrum, those emissions will appear colored and 
those specific atoms and molecules are described as 
color emitters. 


FLAME ARRESTER — A device that prevents the prop- 
agation of a flame through a flammable gas/air mix- 
ture by quenching the flame on the surfaces of an ar- 
ray of small passages through which the flame must 
pass. This works because the gases emerging from 
the protected side of the arrester are sufficiently 
cooled to be below their ignition temperature. 


FLAME BAR — A flame effect produced by a gaseous 
fuel (e.g., propane or natural gas) introduced into a 
pipe (1.e., the flame bar) minimally above ambient 
pressure. The pipe is fitted with a series of slots or 
holes, the diameter and spacing of which is deter- 
mined by the nature of the effect to be produced. A 
series of images of the ignition and functioning of a 
flame bar is shown below. 


Photo Credit: Rick Fleming, Sigma Services 


The flame effect is ignited by a pilot flame (visible in 
the first, upper left image) or some other ignition 
source. Once ignited, the development of the flame 
effect along the flame bar progresses along its length 
as the gaseous fuel reaches the vent holes. 


Flame bars are commonly used as a special effect on 
a motion picture set to simulate a fire occurring in a 
building, with the flame bar itself a short distance out 
of the field of view of the camera. 


FLAME BUCKET — A structure (cave-like in nature) built 
below a rocket launch pad or launch stand to collect 
and direct the flow of exhaust gases during ignition and 
the early part of the launch. This allows the exhaust 
products to be safely directed away, in one or more di- 
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rections approximately perpendicular to the rocket’s 
exhaust. The same type of structure might be used 
with static test firings of rocket motors and engines. 


FLAME COLOR ADDITIVE and FLAME COLOR AGENT 
— See color agent, flame. 


FLAME COLOR CHEMISTRY —- See colored-flame 
chemistry. 


FLAME COLOR SPECIES — See color emitter (flame). 


FLAME DEFLECTOR - (Also blast deflector) — A sim- 
ple device (usually metal) used to deflect a rocket’s 
exhaust away from the ground and launch pad during 
the launching of a model or high-power rocket. The 
deflector is used to prevent grass fires or damage to 
the launch pad. It may have a flat or curved surface. 
An example of a simple model-rocket flame deflector 
is shown below (before and during launch). 


For large commercial rockets and military rockets, 
the use of flame buckets is preferred, as they are 
more effective than simple flame deflectors. 


FLAME DEOXIDIZER -— See fuel (accessory fuel). 
FLAME DEPRESSANT - See cooling salt. 


FLAME EFFECT — The combustion of a flammable, 
combustible or pyrotechnic substance before an audi- 
ence, specifically to produce a thermal, visual or au- 
dible result. 


The range of flame effects is extremely wide in both 
scale and nature. Despite this, flame effects can be 
divided into three broad categories: (1) those that are 
entirely pyrotechnic, (2) those that are pyrotechnically 
driven, but the principal effect is non-pyrotechnic, and 
(3) those that are entirely non-pyrotechnic. 


pyrotechnic flame effect — A flame effect that de- 
rives all its energy from pyrotechnic sources. On the 
small end of the scale, this can include things such as 
firework stars and lancework, a magician’s use of 
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flash paper (see flash material) and proximate audi- 
ence flares (shown below). In each case, the flame 
envelope is typically measured in inches (mm). 


On a somewhat larger scale, pyrotechnic flame ef- 
fects include proximate audience effects produced by 
flash pots and flame projectors, in which the flame 
envelope ranges from a few feet to perhaps 20 feet (1 
to 6 m). One example of an extremely large-scale py- 
rotechnic flame effect was the burning of approxi- 
mately 4000 pounds (2000 kg) of surplus rocket pro- 
pellant as part of the entertainment staged at a large 
gathering of pyrotechnists held in the southwest de- 
sert of the US. In this case, the fireball (shown be- 
low) rose to approximately 300 feet (100 m). 


Photo Credit: Bob Lazar 


hybrid flame effect — A flame effect that derives its 
motive force (and ignition) pyrotechnically, but the 
primary flame produced is from the burning of a non- 
pyrotechnic, flammable or combustible substance in 
air. 


On the relatively small end of the scale are effects 
projecting the dust of solid combustibles, such as 
ChemF/X, into the air using a charge of Black Powder. 
Then, the combustible material burns to produce a 
relatively brief fireball, typically measuring several 
feet (1 or 2 m) in size. Cremora mines are another 
example of this technique; three mines fired simulta- 
neously are shown below. Cremora (and other similar 
products) is a solid, fat-rich material that typically 
produces a somewhat larger and longer-lasting fire- 
ball than that produced with ChemF/X. Nap bombs 
are also in this category of flame effects. 
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Photo Credit: Steve McDanal 


Larger, pyrotechnically driven effects can be pro- 
duced with liquid fuels. Most common are gas mines 
(perhaps more correctly described as liquid fuel mines) 
in which a moderately powerful Black Powder charge 
propels a mass of gasoline or other liquid fuel into 
the air, where it burns. These devices are a common 
motion picture special effect, are often seen at air 
shows and are sometimes used to augment a firework 
display. The fireball from a gas mine can range in 
size from roughly 10 to 100 feet (3 to 30 m). A series 
of high-explosive propelled gas mines, typically de- 
scribed as a wall of fire, is shown below. In this case, 
the wall was 1200 feet (370 m) long and consisted of 
120 explosive charges and containers of fuel. 


An interesting variation on the gas mine is the mag- 
nesium gas mine; one that incorporates a large quan- 
tity of magnesium metal shavings along with the 
charge of gasoline. A series of images of the func- 
tioning of a magnesium gas mine is shown below. 
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Photo Credit: Dan Stegemann 


A ghost mine is a variation of a gas mine, in which 
methanol, with added chemicals to color the flame, 
replaces the gasoline. 


non-pyrotechnic flame effect—A flame effect that 
derives neither its driving force nor its fireball from py- 
rotechnics. This type of flame effect probably has the 
widest range of scale and physical states of fuels. The 
scale can range from an inch or two, such as a candle ef- 
fect burning on stage, to a few feet for a flame bar, to as 
much as 250 feet (80 
m) for the pressur- 
ized liquid (e.g., Iso- 
par-G) flame effect 
as shown at right. 


The fuels used in 
these non- 
pyrotechnic flame 
effects can be in any 
physical state. They 
can be a solid, as 
used in lycopodium 
flame effects or 
large pieces of 
wood, as used in 
fire sculptures 
(shown below). 


Photo Credit: Rick Fleming, 
Sigma Services 
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Photo Credit: Jaime Ladet 


The fuel can be a liquid such as liquid propane, Isopar- 
Gor methanol; some produce colored-flame effects as 
shown below. (See liquid colored-flame effect.) 


Photo Credit: Tom Calderwood 


The fuel can be a gas such 
as propane or natural gas 
(mostly methane), as used 
in the torch effect (shown at 
the right) of the Olympic 
flame (Torino, Italy, 2006). 


The flame effect can be sta- 
tionary (as opposed to being 
propelled) as in a simple 
bonfire, fire rope display or 
flame bar. The flame effect Photo Credit: Rick Fleming, 
can also be propelled, such Sldimamenicesy Inc. 

as in highly pressurized gas or pressurized liquid flame 
effects. 


FLAME-EFFECT APPLIANCE — The complete assembly 


of components and devices that monitor, control and 
generate a flame effect. A small, portable, manually 
operated gas flame effect appliance is shown below. 
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Photo Credit: Rick Fleming, Sigma Services 


This unit consists of a control module (upper left) and 
flame effect burner (lower left). The gaseous propane 
flame effect it produces is shown to the right. 


Flame effect appliances can be as simple as a ciga- 
rette lighter used by a performer on stage, as complex 
as a computer-monitored and controlled flame effect 
produced at a theme park, or anywhere in between. 


FLAME-EFFECT BURNER — That portion of a flame ef- 
fect appliance where the fuel is discharged and ignited. 
Burners are designed for specific fuels and to produce 
specific sizes and configurations of flame effects. 


Burners typically include two valves in series, both of 
which need to be in the open state to release the fuel. 
One valve will typically be a manually operated safety 
valve. The other will be an electrically controlled valve 
(that is of the normally closed variety and that needs 
to be energized to open); it is used to initiate and ter- 
minate the actual flame effect produced. 


Burners will have a means of igniting the fuel (i.e., a 
pilot), such as a flame (described as a hard pilot) or a 
repetitive electric spark source (described as a soft pi- 
lot). There will also be a means of monitoring the 
proper functioning of the ignition source. Typically, 
the monitoring will be accomplished with a photoelec- 
tric device or by measuring a pilot flame’s electrical 
conductivity. This arrangement is described as having 
a proven pilot, and the electronic controller for the 
flame effect will not allow the control valve to open 
unless the proper operation of the ignition source is 
confirmed. 
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In the gas flame effect burner shown above, A is the 
exit port for gaseous propane for the flame effect; B 
(inside the box) is the normally closed solenoid valve 
that turns on the flow of propane. C is the electrical 
cable supplying power to the unit and conveying the 
supervisory signal from the pilot-flame monitor to the 
remotely located controller for the flame effect. D is 
the primary supply line for the propane leading from 
the gas accumulator (not shown) to the burner. E is a 
repetitive electric spark source used to ignite the pilot 
flame. F is where the pilot flame emanates and where 
the monitor used to sense the proper operation of the 
pilot flame is located. G is the manual shutoff valve 
for the pilot gas supply (the manual shutoff valve for 
the primary supply line for the propane is on the gas 
accumulator, which is not shown.). H is the gas line 
supplying the pilot flame. | is the electric cable sup- 
plying power to the pilot igniter and the signal moni- 
toring its proper operation. 


FLAME-EFFECT GAS ACCUMULATOR - A pressure 


tank that is charged with pressurized gaseous fuel for 
a flame effect. The example shown below is a mod- 
erately large accumulator, being fed with a small di- 
ameter line and feeding a flame effect with a large di- 
ameter (2-inch, 50-mm) line. Also, shown is a second 
small diameter line that supplies gas to the pilot 
flame of the flame effect burner. 
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Accumulators are used to store (i.e., accumulate) rel- 
atively large volumes of gaseous fuel when the gas 
source is not otherwise capable of producing gas at 
the rate needed to maintain the magnitude and/or du- 
ration of the flame effect. This may be because the 
rate of flow through the regulator and feed line may 
be insufficient, or with propane, that the rate of evap- 
oration within the supply tank is insufficient to the 
need. In some countries, an accumulator may be re- 
quired because the primary source of supply must be 
cut off during the actual functioning of the flame ef- 
fect, and only the amount of fuel needed for the firing 
of the flame effect can be stored in the accumulator. 


FLAME-EFFECT INSTALLATION, TYPE OF — For reg- 
ulatory purposes in the US, the types of flame-effect 
installations are divided into two classifications de- 
pending on the length of time they will be installed at 
that location. 


permanent installation — An installation of flame 
effects for which the governing use permit has a du- 
ration longer than 180 days. 


temporary installation — An installation of flame 
effects for which the governing use permit has a du- 
ration of 180 days or less. 


FLAME EFFECT, LIQUID COLORED — See /iquid col- 
ored-flame effect. 


FLAME-EFFECT MATERIAL — See special effect mate- 
rial, 


FLAME EFFECT MODE OF OPERATION — The moni- 
toring and control requirements for various flame ef- 
fects depend on their mode of operation. (For those 
requirements in the US, see NFPA-160, “Standard for 
the Use of Flame Effects Before an Audience”.) 


automatic flame effect— A flame effect that is initi- 
ated and controlled automatically, typically under 
computer control. These effects require appropriate 
safety monitoring systems that have a fail-safe mode 
of operation. 


manual flame effect — A flame effect that is initi- 
ated and controlled by an operator, who is required to 
have a clear view of the effect(s) being produced. 
These systems require appropriate control and safety 
systems. 


portable flame effect — A flame effect (either au- 
tomatic or manual) that is designed to be readily 
moved from location to location. The monitoring and 
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control features required are the same as for automatic 
or manual flame effects. 


FLAME-EFFECT PLAN — See performance plan. 


FLAME-EFFECT SYSTEM — The complete assembly of 


interconnected components that provides all the func- 
tions necessary for a properly operated flame effect. 
This amounts to one or more flame-effect appliances 
plus their fuel supply, supervisory electronics, includ- 
ing the means for the emergency shutdown of the 
flame effects, and any needed instruments for moni- 
toring external conditions such as wind that may af- 
fect the safe operation of the flame effect. 


Anexample of supervisory electronics for some flame 
effects at a theme park is shown below. This is a 
touchscreen of the computer system used to test, arm 
and monitor a pre-programmed set of flame effects. 


Flame Unit #1 Flame Unit #2) Flame Unit #3, Flame Unit #4 


cs) ce) oe) oe 


Liquid Propane Unit #1 


An example of a safety system monitoring external 
conditions is shown below for a natural-gas torch 
flame effect in a theme park. The cable surrounding 
the flame effect (red arrows) is a proximity detector 
that automatically shuts-down the torch should a per- 
son attempt to approach the flame. 
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FLAME EMITTER — See color emitter (flame) and flame. 
FLAME ENVELOPE - See flame. 

FLAME FRONT - See fire front. 

FLAMER MATCH - See match, flamer. 


FLAME PROJECTOR — A device used to produce a 
vertical column of fire as a special effect. A re-usable 
flame projector is illustrated below in cross section. 


Plastic or 
Steel Tube 


Hole for 
Electric Match 


Flame Projector 
Powder 


Substantial 
Base 


For single and limited-use flame projectors, the pro- 
jector is commonly made of a cardboard or high- 
density polyethylene tube, and the bottom plug and 
base may be made of wood. Also, relatively small, 
preloaded units may not have an attached base but 
may be secured in an appropriate holder. 


The flame projector powder is typically smokeless 
powder filled to a depth of a few inches (roughly 50 
mm). The height of the column of flame produced is 
then 10 to 20 feet (3 to 6 m) and persists for 1 to 3 
seconds. An example of the effect produced by a 
flame projector is shown below. This flame projector 
had been loaded with Green Dot (i.e., double-base) 
smokeless powder, and the time spanned by the series 
of images is approximately 0.3 second. 


Photo Credit: Tom DeWille 
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The gap in the flame immediately above the flame 
projector is the result of the combustion products of 
the powder being gaseous and substantially fuel-rich. 
Thus, the combustion products are unable to burn un- 
til they have mixed with sufficient air to provide the 
oxygen required to support their combustion. 


Color-producing chemicals, acting as flame color 
agents, can be added to the flame projector powder to 
produce a somewhat colored flame. Typical color 
agents used for this purpose consist of strontium or 
barium nitrate (for red and green flames, respectively) 
that are finely milled with a flow agent and a chlorine 
donor such as Parlon (see colored-flame chemistry). 


Malfunctions: It is important to ignite the flame pro- 
jector powder at the top. Ignition further down the 
powder column can cause some of the powder to be 
ejected from the projector before it is completely 
consumed. Such ejected powder will burn in the im- 
mediate area of the projector and may cause a fire. 
Furthermore, there is evidence that flame projectors 
have exploded when a tall column of powder had 
been ignited at the bottom. 


FLAME RESISTANT — A property of noncombustible 
materials (e.g., masonry) and of combustible materials 
that have been treated or coated to decrease their ten- 
dency to burn. 


FLAME SPECIAL EFFECT -— See special effect. 


FLAME SPECIAL EFFECT MATERIAL — Sce special- 
effect material. 


FLAME SUPPRESSANT, SECONDARY (rocketry) — 
That component of a rocket propellant that provides 
oxygen balance to eliminate the after burning, which 
produces the secondary flame of a rocket plume. The 
secondary flame is the result of fuel-rich propellant 
reaction products burning as oxygen from the air 
mixes into the rocket’s exhaust. 


The effect of adding small amounts of secondary 
flame suppressant to a double-base smokeless propel- 
lant is shown below in a series of images. In this 
case, potassium nitrate was used as the flame sup- 
pressant in the amount of 0.68, 0.85, 1.03 and 1.14% 
(from top to bottom, respectively). 
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Photo Credit: Naminosuke Kubota 


The primary flame of the rocket’s plume is unaffected, 
while the secondary flame has been eliminated. 


FLAME TEMPERATURE - The temperature existing 
within a flame. The temperature varies with position in 
the flame. Unlike the flames of a candle or a gas stove, 
the flame temperature of burning pyrotechnics is high- 
est near the burning surface and falls with increasing 
distance from the burning surface as illustrated below. 


C 


Flame 


Burning 
Composition 


emperature Required 
for Effective Electron 
Excitation 


Temperature 


Distance from Burning Surface 
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Flame temperature is important because it determines 
the brightness of the flame. As the temperature falls, 
at some point, it becomes too low to excite a suffi- 
cient number of electrons to those energy levels that 
can produce visible light. 


The pyrotechnic flame temperature produced depends 
on the nature of both the oxidizer and the fuel. Nitrate 
oxidizers with non-metal fuels produce maximum 
flame temperatures of 1500 to 2000 °C. Chlorate and 
perchlorate oxidizers with non-metal fuels produce 
flame temperatures of 2000 to 2500 °C. 


In most applications, a flame temperature of at least 
2000 °C is necessary for reasonably bright color pro- 
duction. If the flame temperature becomes too high, 
the color emitter can be destroyed and a bright flame, 
but with washed-out colors, will be produced. (See 
colored-flame chemistry.) 


Flame temperatures for various oxidizers with shellac 
as the fuel (Shimizu, 1976) are presented below. 


Flame 
Oxidizer Temperature (°C) 


The use of metal fuels provides increased flame tem- 
perature. This allows the use of nitrate oxidizers or, 
with chlorates and perchlorates, allows the use of a 
greater percentage of color-producing additives with- 
out adversely lowering the flame temperature. 


FLAME TEMPERATURE, ADIABATIC — (Also adia- 


batic reaction temperature) — A value that equals the 
flame or reaction temperature under conditions where 
there is no loss of thermal energy to the surroundings. 
As such, this is the maximum temperature that can be 
produced by a pyrotechnic or explosive reaction un- 
der a given set of conditions. 


While true adiabatic conditions are only theoretically 
possible, under normal conditions of rapid burning, 
deflagration or detonation, the flame temperatures in 
the inner regions of a flame are only very slightly less 
than adiabatic flame temperatures. This is because 
under normal conditions, little of the thermal energy 
being produced will have had a chance to escape 
from the flame. 


The fact that adiabatic and actual inner flame- 
envelope temperatures are essentially equal is im- 
portant, because thermodynamic modeling of pyro- 
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technic and explosive reactions predicts adiabatic 
flame temperatures. 


FLAME TEMPERATURE, ISOCHORIC — Flame tem- 
perature under conditions of constant volume, such as 
within a bomb calorimeter or other closed system. 
Isochoric flame temperature (7,) is related to adia- 
batic flame temperature (T.) by the relationship: 


Lh = Ta *y 


In this equation, y is the effective heat capacity ratio 
for the gases in the flame. For approximate calcula- 
tions, it can be assumed that the effective heat capacity 
ratio is 1.4. When more precise results are needed, 
the effective heat capacity ratio can be calculated 
knowing the individual heat capacity ratios (yi) and 
molar abundances (n;) of the gases involved: 


= x Nit Vi 


FLAME TYPE — Flames can be characterized based on 
various conditions existing within the flame or other 
factors. Characterizing flames in this way can aid in 
both the understanding and the control of combustion 
dynamics. 


diffusion flame — A flame sustained by a diffusion- 
al process between gaseous oxidizer and fuel compo- 
nents. For example, in a burning candle, the flame 
melts and vaporizes some of the wax. Then oxygen 
from the air diffuses into the wax fuel-gas to burn 
and maintain the flame. 


laminar flame — A combustion flame with laminar 
flow of the gaseous species present. A laminar flame 
occurs when the Reynolds number of the flame flow 
is low. 


premixed flame — A flame generated by homoge- 
neously mixed oxidizer and fuel components. This may 
occur for a well-blended mixture of fuel and oxidizer 
gases. Burning chemical compounds that contain both 
fuel and oxidizer within the molecular structure are 
also effectively premixed. Typical examples are the 
flame of nitropolymer propellants such as nitrocellu- 
lose and double-base propellants. The burning of HMX 
and RDX also produce a premixed flame. 


primary flame and secondary flame — See ex- 
haust plume, rocket. 


turbulent flame — A combustion flame with turbu- 
lent flow. A turbulent flame is formed when the 
Reynolds number of the flame flow is high. 


FLAMING — Typically, the undesirable production of a 
flame that decreases the intended effect. For example, 
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on occasion a pyrotechnic smoke generator will pro- 
duce a jet of flame instead of smoke. Such flaming 
occurs when the smoke dye (i.e., a potential fuel) ig- 
nites and burns in air instead of condensing into 
smoke particles. 


FLAMMABILITY — The ease with which a material may 


be ignited by flame or heat. For solids, flammability 
is specified by the ignition temperature. For airborne 
dusts, flammability is specified by the minimum air- 
borne concentration needed to form a flammable 
mixture and the minimum energy needed for its igni- 
tion. For liquids, flammability is specified by the 
flash point. For gases, flammability is specified by 
the flammability limits. 


FLAMMABILITY LIMIT — The range of fuel-to-air con- 


centrations (maximum and minimum) that are capa- 
ble of supporting combustion. The fuel may be gase- 
ous or an airborne dust (often described as an explo- 
sible dust). These limits will be described as the up- 
per and lower flammability limits (abbreviated UFL 
and LFL), respectively. Within the range of flamma- 
bility limits, there may be a region where the com- 
bustion reaction is so rapid as to constitute an explo- 
sion. If so, the flammability limits may be described 
as the upper and lower explosive limits (abbreviated 
UEL and LEL). 


For gases, the fuel concentrations are typically ex- 
pressed as percent by volume, (e.g., the lower and 
upper explosion limits for the vapor of the solvent 
acetone are 2.5 and 13% by volume). For explosible 
dusts, the concentrations are expressed as mass per 
volume (e.g., g/m’). 


FLAMMABLE MATERIAL — A substance that is rela- 


tively easy to ignite and then burns readily in air with 
a flame. (Due to a quirk of the English language, in- 
flammable means exactly the same as flammable, 
whereas non-flammable is the proper opposite of 
flammable.) Materials less easy to ignite, but which 
can burn, are described as combustible materials. 


flammable aerosol — An aerosol that is flammable 
in air. Flammable aerosols may be produced by a de- 
vice such as a non-refillable receptacle containing a 
gas under pressure, along with a substance that can 
be ejected as solid or liquid particles in the form of a 
suspension that is flammable. A can of spray paint is 
a common example. 


flammable gas — A gas having a range of flamma- 
ble concentrations with air at 20 °C (68 °F) and at a 
standard pressure of 101.3 kPa (1 atmosphere). 
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flammable liquid — In the US, flammable liquids are 
divided into three classes for the purpose of regula- 
tion, depending on their flash point and boiling point, 
as presented below. 


Flash Point Boiling Point 
Description | (°F) {| (°C) | (°F) | (°C) 


Examples of class IA flammable liquids are ethyl 
ether and cyclohexane. Examples of class IB flam- 
mable liquids are acetone and toluene. An example of 
a class IC flammable liquid is turpentine. 


Liquids with a flash point greater than 100 °F (38 °C) 
are described as one of three classes of combustible 
liquids (See combustible material). 


flammable solid — In the context of regulation, 
such as for transportation, flammable solids fall into 
three broad classes. 1) Explosives desensitized to the 
point where their explosive properties are suppressed. 
2) Self-reactive materials that are thermally unstable 
and can undergo strongly exothermic decomposition. 
3) Readily combustible solids falling into four sub- 
categories: a) solids that may catch fire through fric- 
tion (e.g., matches), b) pyrophoric materials that can 
ignite within 5 minutes of contact with air, c) materi- 
als that spontaneously ignite or can heat themselves 
to 392 °F (200 °C) in 24 hours, and d) materials that 
react with water to become spontaneously flammable 
or release flammable or toxic gases in amounts greater 
than 1 liter per kilogram. 


FLANKED (fireworks) — A term sometimes applied to 
racks, mortars or Roman candles ona frame in which 3 
or more items are angled to produce a dispersed effect. 


FLARE (noun) — A pyrotechnic device used to produce 
a luminous flame when ignited. The term may also be 
applied to any type of pyrotechnic signal; thus, pyro- 
technic smoke generators intended for use as distress 
or location signals may be described as smoke flares. 
In this entry the discussion is restricted to devices 
that are primarily intended to emit light. Such flares 
are used for various purposes, and their light output 
(i.e., intensity and wavelength) is designed to meet 
the needs of each specific application. 


Flares used for signaling information or to indicate 
distress produce intensely colored flames, as do flares 
used in entertainment as a special effect (i.e., proxi- 
mate audience flare). Flares used for illumination 
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(i.e., illumination flares) are typically of high intensity, 
often with long burn times. Flares used for military 
countermeasures are designed to emit energy in a 
specific region of the electromagnetic spectrum, most 
often in the infrared (see flare, military). Some aerial 
flares, especially those intended for signaling, may 
project one or more pellets of burning composition, 
which are often described as stars. 


Flares can be divided into two broad categories: 
ground flares and aerial flares, depending on where 
they perform their primary function. 


ground flare — (Also candle or flare candle) — A py- 
rotechnic device used to produce a colored or white 
flame when ignited at or near ground level (or water 
surface). Ground flares are usually made by loading a 
pyrotechnic composition into a thin-walled tube that 
burns away as the pyrotechnic composition is con- 
sumed. In the past, the effect was often achieved 
simply by burning loose heaps of an appropriate 
composition. (See Bengal light.) 


A fusee (i.e., a safety signal, as shown below), a 
floating flare (i.e., a marine signal), a trip flare (i.e., a 
military warning signal) and a lance (as used in ground 
firework displays) are all examples of ground flares. 


4. feeaaennat Wieeassnnsannuenneuaa: 
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Historical: Early examples of ground flares include 
blue lights (i.c., a marine signal, shown below), 
Coston’s telegraphic night signals (for military com- 
munication) and Bengal illuminations (a firework ef- 
fect). 


Historically, some very large ground flares have been 
used. In the early 19" century, white flares consisting 
of Bengal fire composition compressed into paper 
cases 10 inches in diameter were used to identify po- 
sitions in surveying. During World War I, large flares 
having a light output of one million candela were de- 
veloped for use in anti-submarine warfare. 


aerial flare—A pyrotechnic device that is designed to 
function high in the air, producing one or more col- 
ored or white flames. An aerial flare is typically made 
by loading a charge of pyrotechnic composition into 
a casing to form a flare candle, which may also be 
described as a star (especially if it is small). An aerial 
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flare may be deployed as a ballistic projectile from a 
cartridge such as a Very signal (or Very light), from a 
mortar or from a small rocket. Rocket deployed aerial 
flares are discussed in the entry rocket, signal. 


An example of a small, hand-operated aerial flare, 
which might be used on small watercraft as a distress 
signal, is shown below. The lower end has been re- 
moved to expose a small chain, which is attached to 
the end of a pull-wire igniter used to fire the small 
red flare (approximately 4-inch, 13 mm, in diameter) 
ballistically several hundred feet (100 m) into the air. 


H Tort tH 


T 
s i] HHH Poet 


Aerial illumination flares, which are usually parachute 
flares (see flare, military), are used to illuminate tar- 
gets or the terrain at night and may be fired from 
mortars or artillery or dropped from aircraft. 


A few colored aerial flare compositions (Ellern, 1968) 
are presented below. The use of magnesium as its 
primary fuel ensures that the flare produces high- 
intensity light and that it maintains relatively high 
color purity (see colored-flame chemistry), which is 
an important feature of signal flares. The formula- 
tions are for red (1), yellow (2) and green (3) flares. 


a) Acts as the binder and aids in thermal energy feedback 
by darkening the composition. 


b) In more recent compositions, the chlorine donor hexa- 
chloro-benzene (HCB) is typically replaced with polyvi- 
nyl chloride (PVC). 


underwater flare — During World War II, in sup- 
port of anti-submarine warfare efforts, high intensity 
underwater flares were developed (see flare, military). 
In the year 2000, as part of the Olympic Torch Relay 
event, an underwater flare was used. 
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FLARE (verb) — To produce visible flame or flames 
when none was visible before. This can result in an 
accident if smoldering material flares and ignites other 
material in the area. 


FLARE, AERIAL — See flare (noun). 
FLARE CANDLE - See flare (ground flare). 
FLARE, COVERT - See flare, military. 
FLARE, FLOATING — See marine signal. 
FLARE, GROUND — See flare (noun). 
FLARE, HIGHWAY — See /usee (signal). 


FLARE, ILLUMINATION — A pyrotechnic device that 
produces a bright source of light for a relatively long 
time. Illumination flares may be used on the ground 
or propelled into the air. In the past, night military 
operations often used extremely high-intensity para- 
chute flares (see flare, military) to illuminate the bat- 
tlefield or terrain for reconnaissance purposes or for 
marine search and rescue operations. A typical illu- 
mination flare formulation (Ellern, 1968) that must 
be well sealed against the influx of moisture for it to 
have an extended shelf life is presented below. 


Ingredient Parts by Weight 


a) The polyester resin (Laminac™) is typically cured with 
methylethyl-ketone peroxide. 


Some military illuminant flare compositions produce 
a remarkable amount of light. For example, a flare 
approximately | inch (25 mm) in diameter can produce 
as much as one million candlepower. 


In fireworks: The use of illumination flares (often de- 
scribed as Bengal illuminations or simply as illumina- 
tions) to project light against a building or other struc- 
ture are still sometimes used, especially in Europe. 


FLARE, INFRARED and FLARE, PARACHUTE — See 
flare, military. 


FLARE, MILITARY — Various types of flares are used 
by the military, and they are characterized by their 
application or some physical characteristic. Some of 
these flare types also have non-military applications. 
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Historical examples: See Coston’s telegraphic night 
signals, wing-tip flare and Very signal. 


covert flare — Flares emitting in the near infrared 
region of light. The compositions used in these flares 
often contain cesium nitrate and potassium nitrate and 
a fuel such as silicon. They are formulated to produce 
relatively little visible light to the unaided eye, but with 
the aid of infrared-sensitive, night-vision goggles, 
they provide covert and very effective illumination of 
targets. 


infrared flare — (Also IR flare, decoy flare, coun- 
termeasure flare or MTV flare) — An aerial flare emit- 
ting strongly in the infrared region of the light spec- 
trum. These flares are deployed by military aircraft as 
a countermeasure to decoy heat-seeking missiles away 
from the aircraft. An example of such flares being 
deployed from an aircraft is shown below. 


Older designs of these flares were composed primarily 
of a mixture of Magnesium acting as the fuel, Teflon 
(the trade name for polytetrafluoroethylene) acting as 
the primary oxidizer and Viton™ (the trade name for 
fluoro-elastomers) acting as the binder (and secondary 
oxidizer). Thus, the origin of their description as MTV 
flares. 


Because of the development of increasingly sophisti- 
cated missiles, refinements have been made in com- 
positions used in IR flares. Some of these refined 
flare types include: 


e Spectrally balanced flares to produce emissions specif- 
ically tailored to closely match the IR emission spec- 
trum of the type of aircraft deploying them. 


e Power-adapted flares to produce emissions the inten- 
sity of which matches the total intensity emitted by 
the deploying aircraft. 


e Temporally adapted flares to produce emissions that 


vary in a prescribed manner over the duration of their 
burn. 


Encyclopedic Dictionary of Pyrotechnics 


e Thrusted flares to produce an impelling (i.e., rocket- 
like) force that maintains the forward motion of the 
flare after its being deployed. 


parachute flare — An aerial flare attached to a par- 
achute to allow for greater burn time in the air. Some 
current production aerial signal and distress flares are 
parachute flares. 


Parachute illumination flares are used to light 
nighttime military operations, including search and 
rescue missions. These flares may be deployed in a 
variety of ways, such as from aircraft, by rockets or 
from mortars or rifles. Large caliber artillery may fire 
star shells that contain one or more parachute flares. 


Historical: The American chemist, pyrotechnist James 
Cutbush (1788-1823), writing in the early 1820s, de- 
scribes what was probably the first parachute flare. 
According to Cutbush, the British inventor and rocket 
pioneer Sir William Congreve (1772 —1828) ‘also in- 
vented a species of light-ball which, when thrown in- 
to the air by means of one of his rockets... is de- 
tached from it with an explosion and remains sus- 
pended in the air by a small parachute, to which it is 
connected by a chain. Thus, in lieu of the transient 
momentary gleam obtained by the common light ball, 
a permanent and brilliant light is obtained and sus- 
pended in the air for five minutes at least, so as to af- 
ford time and light sufficient to observe the motions 
of an enemy, either on shore or at sea; where it is par- 
ticularly useful in chasing, and for giving distant and 
more extensive night signals.’ 


signal flare — A device used for communication, of- 
ten by being fired into the air. 


trip flare — A device intended to serve both as a 
warning of an infiltrating enemy and to illuminate the 
enemy for counterattack. It derives its name from the 
means of ignition, which is a trip wire that, when pulled 
or broken, ignites a percussion cap (or other similar 
device) and transfers fire to the flare composition. 


underwater flare — A pyrotechnic device occasion- 
ally used for illumination during deep underwater op- 
erations. During World War II, as part of anti- 
submarine warfare, high intensity underwater flares 
were developed. These flares were to be used to illu- 
minate and silhouette enemy submarines, for the pur- 
pose of aiding the dropping of bombs on the subma- 
rine. An example formulation (Ellern, 1968) is pre- 
sented below. 
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Ingredient Parts by Weight 


This formulation burned to produce good illumina- 
tion to depths as great as 300 feet (91 m). A 4-inch 
(200-mm) diameter flare, burning at a depth of 100 
feet (30 m), was sufficient to illuminate a surface- 
circle with a diameter of 200 feet (61 m). 


FLARE, PROXIMATE AUDIENCE — (Also special-effect 
flare) — A low-smoke pyrotechnic device designed to 
produce a single source of intense light (usually col- 
ored) for a specific time interval and used in conjunc- 
tion with a proximate-audience performance. 


The construction of one type of proximate-audience 
flare is illustrated below in cross section. In this ex- 
ample, the flare has no choke, no open core and the 
electric match enters from the top. 


-<— Electric Match 
Cap 


Prime Layer 


Tube 


Flare 
Composition 


Plug 


An example of a proximate-audience flare based on 
nitrocellulose is shown below. In this case, the flare 
has an open core and the electric match enters from 
the bottom. 
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Examples of the colors produced by this type of flare 
are shown below. Nitrocellulose plus flame color 
agents are used in these flares to achieve their high 
color-purity flames. The jets of fire produced by 
these flares are approximately 12 inches (300 mm) 
and are so bright that it can be difficult to look direct- 
ly at them (or photograph them) from close range. 
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Flare compositions: A collection of formulations for 
proximate-audience flare compositions not based on 
nitrocellulose (DeWille, 2009) is presented below. 
Formulations 1 to 3 are for red, orange and yellow 
flare compositions, respectively. 


Formulation | Parts by ay 
Ingredient 


Formulations 4 to 8 are for red, yellow, green, blue 
and white flare compositions, respectively. 


Formulation > 
Ingredient | Le) eo OL ey 


FLARE, RAILROAD and FLARE, ROAD - See fusee 
(signal). 


FLARE, SPECIAL EFFECT — See flare, proximate au- 
dience. 


FLARE, TRIP — See flare, military. 
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FLARE, UNDERWATER -— See flare (noun) and flare, 
military. 


FLARE, WING-TIP — An early example of the use of 
aluminum in pyrotechnic compositions. High- 


intensity wing-tip flares were used for signaling dur- 
ing World War I. Two formulations (Davis, 1943) for 
red (1) and white (2) flares are presented below. 


Formulation —| Parts by Weight 
Ingredient 


The flare compositions were loaded into paper tubes 
and bound with shellac. It is plausible that the formu- 
lation for the red flare is incomplete, as there is no 
chlorine donor to form SrCl and it seems unlikely 
that the presumably small percentage of shellac 
would provide sufficient hydrogen to form SrOH. 


FLASH (verb) — To produce a flash; such as to burn 
very quickly and intensely. 


FLASH (noun) — A brief (and usually intense) output of 
light. For example, the flash reaction in the burning 
of a strobe composition, or the explosive reaction of a 
glitter droplet that is described as a flash reaction (see 
glitter effect (glitter flash)). The term may also refer 
to the sudden (and usually substantial) production of 
flame, as in a flash fire. 


In fireworks: The term flash may be used as jargon to 
mean flash powder. 


In proximate-audience pyrotechnics: The term flash is 
an adjective that describes a range of materials com- 


posed of nitrocellulose and generically referred to as 
flash materials. It is also used to describe a special ef- 
fect appliance (e.g., a flash pot) 


In explosives: A flash is a short-lived radiation pulse 
accompanying an explosion or a short-lived flame 
used to ignite a fuse or detonator. 


FLASH AIRBURST — See airburst. 


FLASHBACK (fire science) — The ignition of a trail of 
flammable gas, vapor or aerosol by a distant ignition 
source. Flame travels back along the trail of gas, vapor 
or aerosol to the source, which could result in a serious 
fire or explosion. 
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FLASH BAG (fireworks) — (Also coupette) — A relatively 
small, thin-walled container of a flash powder-based 
break charge (described as flash break) used in the 
manufacture of some aerial shells. 


The end of the time fuse that is inside the shell is in- 
stalled into the end of the flash bag. Because flash 
powder is not as easily ignited as Black Powder, it is 
important that the inside end of the time fuse be 
cross-matched or well primed to ensure ignition of the 
flash composition, as illustrated below in cross section. 


Black Match 


String 


Flash Composition 


Paper or Plastic 


fe 
hell 
eHelCeeiny Tube or Bag 


Firework 
Time Fuse 


It is believed that flash powder encased within a flash 
bag is less prone to accidental ignition from inertial 
forces than flash powder simply interspersed between 
the stars. This is because the flash powder is protected 
to some extent from the friction that might occur be- 
tween stars, such as from setback when a shell is 
fired or when a shell is accidentally dropped on a 
hard surface. 


The use of a central bursting charge increases the 
symmetry of the pattern of dispersed stars as the shell 
explodes. It will also reduce the amount or brisance 
of the flash powder required to obtain a wide break. 


FLASH-BANG — See grenade (stun grenade). 


FLASH BLINDNESS - (Also temporary retinal over- 
load) — A usually temporary visual condition induced 
by the observation of an intense flash of light. It man- 
ifests as an afterimage of the flash that overwhelms 
normal vision but usually fades away within a few 
minutes, unless the flash carried sufficient energy to 
cause permanent damage to the retina. 


In fireworks: The observation of a flash salute will re- 
sult in temporary flash blindness, or at least a tempo- 
rary loss of dark adaption. A minor degree of flash 
blindness may also follow the observation of an aeri- 
al shell having a flash bag as its burst charge. In this 
case, the afterimage of the flash may barely be no- 
ticeable, but the perceived intensity, and possibly also 
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the color, of the stars being dispersed by the aerial 
shell may be adversely affected. 


FLASH BREAK (fireworks) — (Also flash burst) — The 
flash powder-based break charge (i.e., pyrotechnic 
composition) sometimes used as a bursting charge in 
an aerial shell. This term may also be used to de- 
scribe the technique of using flash break or the visual 
effect resulting from use of the technique. 


Composition: Although standard salute flash powder 
may sometimes be used as a flash break, to do so re- 
quires extremely careful attention to balancing the 
desired force of the burst of the shell with the tenden- 
cy of a powerful flash break to blow stars blind (i.e., 
for the stars to remain unignited or be extinguished 
after the burst) due to the extreme brisance of the sa- 
lute flash powder charge. 


A greatly preferred and more frequently used alterna- 
tive is to reformulate the common flash powder com- 
position to render it slower burning (i.e., less brisant). 
This may be accomplished by changing the flash 
powder’s chemical constituents (i.e., fuel and oxidiz- 
er), altering the fuel-to-oxidizer ratio or both. For ex- 
ample, a less-energetic oxidizer, such as barium or 
potassium nitrate, can be used in place of some or all 
of potassium perchlorate, as in formulations 1 and 3 
presented below. Alternatively, the standard constitu- 
ents (such as potassium perchlorate and fine alumi- 
num powder) may be used, but with their proportion 
altered from the near optimal 70:30 ratio to consist of 
either a fuel-rich or oxidizer-rich composition with 
reduced brisance (formulation 2). 


Formulation — | Parts by Weight 
Ingredient | 
0 


Antimony(Ill) sulfide 


A little antimony sulfide is sometimes added to flash 
break formulations (formulation 3). This helps with 
star ignition by apparently dispersing molten droplets 
or reaction products within the shell as the flash 
powder burns. 


Often the components of the modified flash powder 
are mixed with water, granulated and then, when dry, 
sieved to particle sizes in the range from 10 to 20 
mesh. These flash powder grains may then be mixed 
with commercial grain Black Powder to achieve a 
hybrid-flash break powder. Such break powder burns 
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hot and is more brisant than Black Powder alone, but 
it is not as violent as standard salute flash powder. 


Flash break technique: The method involves the use 
of some type of flash composition to break (i.e., ex- 
plode) a star shell. Flash break may be used either by 
itself or as an adjunct to boost the performance of 
conventional break charge. 


Sometimes the flash powder is thinly coated on rice 
hulls, or it may simply be added to the shell as loose 
powder (with or without another break composition), 
where it becomes positioned between the stars and 
other components of the shell. More commonly, flash 
break is used by placing a relatively small charge in- 
side a very thin (usually paper) tube (a flash bag) that 
is tied to the inside end of the time fuse of the shell. 
The use of a flash bag is thought to be somewhat safer 
than simply dumping the flash powder directly onto 
the stars, where frictional forces occurring as the 
shell is fired (described as setback) may cause the 
premature ignition and explosion of the shell. 


The advantages of the flash break technique over the 
more conventional Black Powder-based break charge 
are that: it provides for a powerful break and conse- 
quently a wide spread of stars; it conserves interior 
space in the shell due to the physically smaller size of 
the required break charge; it reduces the need for a 
strong shell casing to provide sufficient confinement; 
and it minimizes labor and material costs. 


A disadvantage of the flash break technique is that is 
has a greater potential to blow stars blind if too much 
or too powerful of a flash break charge is used. De- 
spite this disadvantage, flash-breaking shells remain a 
somewhat popular and effective technique. 


Visual effect: The visual effect of flash break is an- 
other disadvantage. The burning of a flash break 
charge produces both high-temperature (typically 
greater than 3000 °C) and refractory reaction prod- 
ucts (e.g., aluminum oxide). The result is the produc- 
tion of a brilliant white flash of incandescent light 
that accompanies the bursting of an aerial shell. This 
flash can be annoying and has the potential to dimin- 
ish the aesthetic effect of an aerial shell, especially if 
the shell contains delicate, low light emitting fire dust 
sparks such as some charcoal and lampblack effects. 


FLASH BULB - Glass globes most commonly filled 


with oxygen and metal foil or wire (often zirconium 
or magnesium). When ignited by the passage of a 
small electric current through a tiny filament wire, 
the burning metal produces high-temperature prod- 
ucts that incandesce to produce a bright, whitish light 
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for use in photography. A collection of flash bulbs 
dating to the mid-20" century is shown below. 


a 
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Fast flash bulbs produce their peak light output in ap- 
proximately 5 ms, whereas slow flash bulbs may re- 
quire approximately 30 ms. Flash bulbs of this era 
were commonly coated with plastic to prevent their 
bursting upon functioning. As color photography be- 
came popular, the plastic coating was often colored 
blue to better approximate the daylight spectrum. 


The advancing technology of flash bulbs led in 1970 to 


The Magic Cube (with its four individual flash bulbs) 
did not rely on a source of electricity. Instead, each 
bulb had a thin tube made of soft iron that projected 
from its bottom ((A), shown below). The bend in the 
tube was the unintended result of extracting the bulb 
from its holder and the tube from the bulb. A tiny 
amount of a highly sensitive explosive composition 
was located in the space between the tube (A) and a 
central rod (B). 
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The bulb (C) was initiated by the release of a tiny 
spring-loaded wire (D) that struck the side of the metal 
tube to fire the contained explosive. Following that, 
the zirconium wire burned in the oxygen atmosphere. 


Formulations for two initiating compositions from 
patents (3,540,818 and 3,674,411) associated with the 
Magic Cube (Vander Horck, 1974) are presented be- 
low. 


Formulation —| Parts by Weight ® 


(1) 


Ingredient | 


Values are reported to the nearest 1% or one significant 
figure. 

Hydroxyethyl cellulose [a complex polymer] {CAS 9004- 
62-0} is a gelling and thickening agent. 

c) Sodium lignin sulfonate [C20H24010Naz2S2] {CAS 8061- 
51-6}. 

Sodium 2-ethylhexyl sulfate [CsH17NaO4S] {CAS 126- 
92-1}. 

Trichloro-phenol is any organochloride of phenol that 
contains three covalently bonded chlorine atoms. 


a 
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Historical: The first recorded attempts to replace pho- 
toflash powder and flash lamps with flash bulbs were 
in the 1880s, when bulbs filled with gas mixtures 
were investigated. In 1893 in an attempt to photo- 
graph the interior of a coalmine, a glass bulb filled 
with magnesium ribbon and oxygen was used. It was 
not until ca. 1927 in the US and ca. 1929 in Germany 
when commercially produced flash bulbs began to be 
manufactured. 


Early flash bulbs were the size and shape of typical 
100-watt incandescent bulbs, including the Edison 
screw bases. The photograph below demonstrates the 
appearance of these flash bulbs. The bulbs shown are 
of current production, not antiques. 
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ba eesseetcccsss cca: 
Curiously enough, these large flash bulbs, appearing 
much like the earliest commercial flash bulbs, are es- 
sentially the only flash bulbs still being produced. 
They are used for special effects and cave photog- 
raphy because of their ability to produce much more 
light than the electronic strobe units commonly used 
in photography today. 


In addition to magnesium and zirconium, aluminum 
and even tin have been used as the metal fuel in flash 
bulbs. 


FLASH BURST -— See flash break and airburst. 
FLASH CHARGE -— See charge (noun). 


FLASH CHARGE (proximate audience) — (Also flash 
pot preload) — A preload that produces a brilliant 
flash of light similar to that produced by a binary py- 
rotechnic composition of theatrical flash powder in a 
flash pot. One example of a flash charge (listed by its 
supplier in a range of spark-producing devices) is 
shown below. 


The operation of this device, photographed over a 
0.05-second interval using an aperture of F16 and ex- 
posures of 1/4000 second, is shown below. The bril- 
liant flash extends upward to approximately 2.5 feet 
(750 mm) and then transitions into smoke rising sev- 
eral more feet before dissipating significantly. 
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FLASH COMPOSITION -— See flash powder. 


FLASH COTTON -— See flash material. 
FLASHCRACKA™ ~— See flash cracker. 


FLASH CRACKER - (Also Flashcracka™, flasher- 
cracker or flashlight cracker) — A small paper salute or 
firecracker containing flash powder instead of Black 
Powder. Flash crackers came into use in the early- 
20" century after small particle-size aluminum pow- 
der became readily available. The first commercial 
manufacturer of flash crackers in any quantity was a 
British pharmacist, Thomas Hitt (1874-1958) who 
had migrated to the US and established a firework 
manufacturing plant in Seattle. Hitt was familiar with 
magnesium flash powder that was then being used in 
photography. He substituted the more stable and en- 
ergetic aluminum powder for magnesium, which lead 
to his development of the flash cracker. Some exam- 
ples are shown below. 


Hitt manufactured a variety of salutes and large fire- 
crackers that used aluminum-based flash powder with 
potassium perchlorate. In 1918 he patented a flash 
powder consisting of 16 parts potassium perchlorate, 
14 parts aluminum and 5 parts sulfur. Hitt’s flash 
crackers were marketed under the trade name Flash- 
cracka, which had its origin with an American printer 
who misunderstood Hitt, who had a strong British ac- 
cent. 


An early design of the Hitt Flashcracka was a simple 
tube with a relatively thin wall in comparison with its 
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diameter. Inside the tube was a tissue-paper bag that 
contained a substantial amount of flash powder. Tes- 
tifying to the relatively high power of the flash powder 
(compared with Black Powder) was the fact that the 
ends of the paper tube were left open (not sealed in any 
way), as illustrated in cross section and shown below. 


Tissue Paper 
Fuse = 
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Paper Tube 


Paper Bag of Flash Powder 


Later, Hitt was indirectly responsible for introducing 
aluminum-based flash powder to the Chinese, who at 
the time were still using Black Powder in their fire- 
crackers. See firecracker history. Flash powder soon 
became the most common composition used in fire- 
crackers because it produced a louder and more pow- 
erful explosion than Black Powder, in addition to 
producing a very bright, white flash of light. A pack 
of 2 by 3/8-inch (50 by 9-mm) Chinese-style flash- 
light crackers is shown below. 


TUNG’S FIREWORKS 
MADE IN CHINA 
00 NOT HOLD IN HAND AFTER LIGHTING 
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These more powerful firecrackers were eventually 
banned in some countries (most notably Great Britain, 
Australia and Canada) where Black Powder fire- 
crackers remained the standard (until they too were 
banned). In the US, flash powder was the usual in- 
gredient in both American and Chinese-manufactured 
firecrackers. Eventually the flash powder content in 
firecrackers for sale in the US was limited to 50 mil- 
ligrams as a safety measure. 


FLASH CURTAIN — A firework display piece some- 
what popular in the US in the mid-20" century. The 
simplest design consisted of a single, long length of 
quick match with many small salutes (typically silver 
salutes, M-80s or cherry bombs) inserted at regular 
spacing along its length. The fuses of the salutes were 
cut very short and inserted into a small hole in the 
quick match piping and held in place with tape or a 
tie of twine. 


Inuse, the chain of salutes was stretched between two 
upright supports so that it was well above the ground. 
After the quick match was ignited, the salutes would 
be ignited and explode almost immediately, produc- 
ing a wall (i.e., curtain) of bright, white flashes. 


A more intense and elaborate design used several 
lengths of quick match, each fitted with salutes as de- 
scribed above. These were hung vertically from a wire 
strung high above the ground between two posts. There 
were only a few feet (~ 1 m) between each string of 
small salutes. When fired, this design produced more 
nearly a true vertical curtain of small explosions. 


FLASH, DARK — See flash powder type (firework flash 
powder). 


FLASH EFFECT (proximate audience) — See flash pot. 


FLASHER CRACKER and FLASH FIRECRACKER — See 
flash cracker. 


FLASH GUN -— See flash lamp (photography). 

FLASH HOLE - See fire hole. 

FLASH HOLE (fireworks) — A feature in the construction 
of crossette comets that allows fire from the burning 
comet composition to reach the comet’s bursting 


charge while the bursting charge is still well enclosed 
within the comet. 
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FLASH HOLE (primer) — A hole (or series of holes) in 
a small-arms primer that allows the primer flame to 
pass from the primer pocket through the rear of a 
center-fire cartridge casing to ignite the propellant in 
small-arms ammunition. 


FLASHING (fireworks) — See aerial shell name and de- 
scription (specific). 


FLASH LAMP (photography) — (Also flash tray, flash 
pistol or flash gun) — Any of a range of devices used 
to provide an intense burst of light for photography. 
These devices commonly burned a small charge of 
photoflash powder (see flash powder type). 


An early version of the tray type of these devices is 
shown below. A charge of photoflash powder (from the 
box) was first loaded onto the tray of the device. When 
the trigger of the device was pulled, sparks, produced 
from a small abrasive wheel scrapping against a 
mischmetal flint, would ignite the flash powder. 


Photo credit: Stereographica.com 


A more recent version of a 
tray-type device (Agfa Pho- 
to Flash) is shown at the 
right. This device is readied 
for use by lowering its small 
tray (A) and tensioning its 
internal key-wound spring 
(B). After loading a charge 
of photoflash powder into 
the tray, the device is fired 
by squeezing its small trig- 
ger (C), which causes its 
spring-motor-operated 
sparking wheel to scrape 
against a mischmetal flint. 
The sparks so produced ig- 
nite the flash powder. 


Photo credit: 
Michael and Randy Feldman 


Another sparking wheel 
(i.e., mischmetal) flash lamp 
is shown below (Hama- 
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Phot). In this case, a charge of photoflash powder is 
loaded into the flattened conical chamber of the de- 
vice (A). The device is operated by using a finger or 
thumb to rotate its sparking wheel (B), which then 
ignites the flash powder, producing a vertically dis- 
persed flash of light. 


Photo credit: Michael and Randy Feldman 


Another flash lamp, described as a flash pistol (Chel- 
sea Pistol), is shown below. A paper toy cap (A) is 
used to ignite the photoflash powder. After loading 
the cap and a charge of powder into the bowl of the 
device (B), the lid of the bowl is closed. In further 
preparation, the hammer (C) of the device is cocked, 
and then the trigger (D) is pulled to release the ham- 
mer and fire the cap, thus igniting the flash powder. 


Photo credit: Michael and Randy Feldman 


After the development of flash bulbs and faster pho- 
tographic films (i.e., with higher ASA ratings), the 
use of most devices based on photoflash powder 
quickly ended. An exception was special applications 
where very great light intensity was needed. One ap- 
plication that persisted for a time (but has since been 
replaced) was nighttime aerial photography for the 
military. 


Although not gun-like in form or function, the holder 
for flash bulbs (including batteries and reflector) has 
been referred to as a flash gun. An example is shown 
below. 
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FLASHLIGHT CRACKER — See flash cracker. 


FLASHLIGHT POWDER - See flash powder type (pho- 
to flash powder). 


FLASH MATERIAL — Various forms of nitrocellulose 
used in the entertainment industry. When any form of 
natural cellulose is subjected to nitration, nitrocellu- 
lose is produced. Flash materials are produced by 
treating the cellulosic material with a mixture of ni- 
tric and sulfuric acids for a period of time. This is fol- 
lowed by prolonged washing in water to rinse away 
the acid residue. 


Flash materials that have not been sufficiently well 
washed, or otherwise stabilized, will not store well. 
They may undergo a change in color and texture, be- 
come yellowish and fragile. Such old and extremely 
deteriorated flash material may burn poorly. 


Flash materials are very easily ignited and, if relatively 
fully nitrated, they burn with a moderately intense 
yellow flame without smoke or ash. They can be used 
for stage and magic effects to produce a momentary 
puff of flame or as a component in a number of prox- 
imate audience pyrotechnic items. Depending on the 
form of cellulose being nitrated (e.g., paper, loose cot- 
ton wool or cotton string), the products are described 
as flash paper, flash cotton or flash string, respectively 
(discussed below). 


Safety warning: Flash materials are composed of ni- 
trocellulose and are readily ignited by accident. For 
storage, it is recommended that flash materials be 
kept moistened with water. In the US, to be classed 
as a flammable solid rather than as a 1.1 explosive for 
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transportation, it is necessary that flash materials con- 
tain at least 25% water by weight.) 


A small amount of dry flash material, when struck a 
firm blow with a metal hammer on a metal or con- 
crete surface, can produce a loud report, and small 
fragments of un-reacted material may be found scat- 
tered in the immediate area. 


flash cotton — (Also guncotton) — Flash cotton is 
normally made from loose cotton in the form of cotton 
balls, cotton batting or cotton wool. An example of 
flash cotton made from cotton wool is shown below. 


In the mid-19" century, guncotton began to be used 
as an experimental explosive. It was also used as a 
propellant for small arms, but it was found to be too 
powerful for long-term use in the weapons of the day. 
It was not until near the end of the 19" century that a 
form of guncotton finally found extensive use as a 
small-arms propellant. 


Today, one is most likely to find a small ball of flash 
cotton used as a stage effect by a magician. The flash 
cotton may be concealed in the open palm of one’s 
hand; when the flash cotton is ignited, a small flash of 
fire will be seen to emanate and rise from the hand. A 
larger ball of flash cotton or flash paper, if ignited in 
the hand, has the potential to cause a burn injury, es- 
pecially when used by an inexperienced person. 


Because of the fine and porous structure of cotton 
wool, it contains many effective fire paths. This re- 
sults in flash cotton typically having the fastest burn 
rate of the various flash materials. For example, in 
the series of images below (showing the burning of 
an approximately %4-inch (19-mm) ball of flash cot- 
ton), the total elapsed time of burning was approxi- 
mately 0.2 second. (The relative whiteness of the 
flame is an artifact of photography; the actual flame 
color was much more intensely yellow.) 
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Flash cotton is most useful when one is attempting to 
produce an intense fireball that is so brief as to not 
have time to transfer much thermal energy to objects 
in the immediate surroundings. 


flash paper — (Also bookie paper) — Flash paper is 
normally made from high-quality tissue paper. An 
example of several sheets of flash paper folded to- 
gether is shown below. 


The burn rate of flash paper is the slowest of the 
common flash materials, and it differs greatly de- 
pending on its physical form. The burning of a strip 
of flash paper approximately *4-inch (19-mm) wide 
and 8-inches (200-mm) long is shown below. The 
first vertical portion of the strip burns at a rate of ap- 
proximately 2 inches per second (50 mm/s). The hor- 
izontal portion of the strip burned more slowly at a 
rate of approximately 1 inch per second (25 mm/s). 
The total elapsed time of burning is approximately 4 
seconds. (Color in the photographs was adjusted to 
display the actual intense yellow flame color some- 
what more correctly.) 
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The burning of an approximately %4-inch (19-mm) ball 
of flash paper is shown below. The amount of flash 
paper consisted of approximately twice the amount of 
flash paper as in the strip burned in the photographs 
above. In this configuration, a number of reasonably 
effective fire paths are created within the flash paper 
ball. In this case, the total elapsed time of burning 
was approximately 0.6 second. This is approximately 
3 times longer than for a similar-size ball of flash cot- 
ton. The relative whiteness of the flame is an artifact 
of the photography; the actual flame color was much 
more intensely yellow. 


ES 


Flash paper may be used in its natural white form or 
it may be colored to help conceal its presence on 
stage. Somewhat like flash cotton, flash paper may be 
crumpled into a small ball, concealed in some way, 
and, when ignited, a small flash of fire will be pro- 
duced. Flash paper is one of two common wrappings 
used in the construction of an airburst. Flash paper 
may also be used to produce the flaming projectile 
fired from a flash paper gun (see magic device). 


Flash paper has sometimes been described as bookie 
paper. Reportedly, this is because illegal-gaming 
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bookmakers (‘bookies’) have been known to record 
bets by writing them on flash paper. Then, in prepara- 
tion for a potential raid by the authorities, the bookie 
would keep a lit cigar in his mouth. In the event of a 
raid, the list of bets can be made to vanish immedi- 
ately in a puff of flame. 


flash string — Flash string can be made from any 
form of cotton cordage (from thread to rope); but 
most commonly it is made from ordinary 1/16 to 1/8- 
inch (2 to 3-mm) cotton string. An example of flash 
string made from approximately 3/32-inch cord is 
shown below. 


Flash string, composed of a number of individual fin- 
er strands of nitrated cotton, has reasonably effective 
fire paths, but they are not as effective as in a mass of 
flash cotton. The burning of a vertical strand of flash 
string approximately 14-inches (350-mm) long is 
shown farther below as a series of images. The first 
portion of the string burns at a rate of approximately 
8 inches per second (200 mm/s). In the 4" image a 
lick of flame has jumped ahead of the burning to ig- 
nite the flash string further along its length. Because 
of the random nature of such events, the burn rate of 
a vertical length of flash string cannot be relied upon. 
When burned horizontally, the burn rate of flash 
string is more predictable and was approximately 5 
inches per second (125 mm/s) for this string. The rel- 
ative whiteness of the flame is an artifact of the pho- 
tography; the actual flame color was much more in- 
tensely yellow. 


Flash string may be used to chain fuse and ignite in- 
door nitrocellulose-titanium fountains (described as 
ice fountains). These small indoor fountains may be 
used on stage like firework lances to spell out text 
such as Happy New Year or other messages. 


When flash string is dusted with fine titanium, it may 
be described as sparkle string. Some flash string may 
be dyed black to make it mostly invisible before igni- 
tion on a dimly lit stage. 
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FLASH, MUZZLE — See muzzle flash. 


FLASHOVER (fire science) — The point during a con- 
fined fire, such as a structure fire, when initially un- 
burned combustion products reach a sufficient tem- 
perature to combust vigorously under existing condi- 
tions or from an influx of air. This represents a spe- 
cial danger for fire fighters because of the sudden in- 
crease in the intensity of a fire inside a structure. 


FLASHOVER (blasting) — The unintentional sympathet- 
ic detonation of explosive charges, typically between 
charged boreholes. This is in contrast to the inten- 
tional sympathetic detonation of a series of charges 
(such as when using nitroglycerin dynamite) without 
the necessity of priming each charge separately. See 
propagation and detonation. 


FLASH PAPER -— See flash material. 
FLASH PAPER GUN -— See magic device. 
FLASH PISTOL — See flash lamp (photography). 


FLASH POINT — Commonly, the lowest temperature at 
which a liquid or solid fuel produces enough vapor to 
forma flammable mixture in air that will flash or burn 
instantly when ignited using a standardized test meth- 
od. Several testing techniques are used to determine 
the flash point temperature, which results in different 
flash point values being reported for the same fuel. In 
general, the lower the flash point value, the greater 
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the fire hazard. Flammable liquids (see flammable 
materials) and combustible liquids (see combustible 
materials) are characterized by their flash points. 


Occasionally, the flash point of a pyrotechnic compo- 
sition is given. This is typically the temperature at 
which ignition time is effectively zero (see ignition 
temperature). 


FLASH POT — A special effect appliance that is relatively 
tall and thin (as compared to a puff pot). The design 
of a flash pot is illustrated below in cross section. 


~1" to 2" 
|—| 
Small Diameter —» ] 
Heavy-walled 
Steel Tube Haletar 
Electric 
Theatrical Match 
Flash 
Powder 


Substantial 
Base 


Two flash pots with different barrel lengths (4 and 2 
inches, 100 and 50 mm) are shown below. 


Photo Credit: Tom DeWille 


For the same load of flash powder, the taller unit pro- 
duces a taller and narrower flash effect. 


A flash pot is typically loaded with a small charge of 


theatrical flash powder (nearly always based on an 
excess of magnesium as the primary fuel) that pro- 
duces a bright flash of light (perhaps modestly col- 
ored) and little or no audible effect. Examples of red, 
green and sparkle flash effects are shown farther be- 
low. See flash powder type (theatrical flash powder) 
for some formulations. 


The duration of the color-only flash effects was ap- 
proximately 0.2 second and reached a height of 3 to 4 
feet (0.9 to 1.2 m). The sparkle effect had a duration 


of approximately 1.5 seconds and reached a height of 


8 to 10 feet (2.4 to 3 m). Both the duration and height 
of the spark effect are a consequence of the particle 
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Photo Credit: Tom DeWille 


size of the spark-producing ingredient used to produce 
the effect (typically aluminum flitters or titantum gran- 
ules). The duration of the effect is determined not by 
the burn time of the pyrotechnic charge, but by the 
burn time of the spark material. Also, the relatively 
high ballistic coefficient of the titanium granules (in 
comparison to aluminum flakes) allows them to be 
propelled to a greater height. 


Flash effects produce only minimal sound, often not 
heard over other activities on the stage. When powerful 
audible effects are intended, a concussion mortar (with 
its much thicker wall) and concussion powder must be 
used. See flash powder type (theatrical flash powder). 


Safety Note: The use of firework salute powder based 
on small particle-size aluminum powder and potassium 
chlorate or potassium perchlorate in a flash pot is po- 
tentially dangerous. This is because, if an excessive 
amount of this powder is used, it can produce an ex- 
plosion potentially resulting in the flash pot breaking 
into pieces producing dangerous shrapnel. Magnesi- 
um-based flash powder with a nitrate oxidizer, even 
if used somewhat in excess, is unlikely to damage a 
properly constructed flash pot. 


FLASH POT PRELOAD - See flash charge. 


FLASH POWDER - An explosive pyrotechnic composi- 


tion that, when ignited, produces a bright flash of light 
and, if confined or in a significantly large quantity, 
produces a loud audible report (the sound of an ex- 
plosion). Depending on use, most common flash pow- 
ders are composed of aluminum, magnesium or mag- 
nalium metal powder in combination with potassium 
perchlorate, potassium chlorate, barium nitrate, po- 
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tassium nitrate or strontium nitrate. Sometimes anti- 
mony(III) sulfide and/or elemental sulfur are also in- 
cluded. 


Flash powder incorporates a reactive metal fuel for two 
reasons. First, it produces a large amount of thermal 
energy upon its oxidation, which results in high reac- 
tion temperatures. Second, it produces refractory 
metal oxide particles, which have very high boiling 
points (or decomposition temperatures). The amount 
of thermal energy produced by most flash powders, 
while great, is sufficient to vaporize only a fraction of 
the metal oxide that it produces, thus leaving most of 
the metal oxide in the form of liquid droplets at its 
boiling point. This results in the production of very 
hot, but condensed, reaction products that strongly 
incandesce to produce the brilliant flash of light that 
is the fundamental characteristic of flash powders. 


Uses: Flash powder has a wide range of applications 
with differing performance characteristics depending 
on its formulation. Flash powder is used whenever a 
bright white (or sometimes modestly colored) pulse 
of light is desired. Many flash powders are also capa- 
ble of producing powerful explosions with an accom- 
panying loud sound. 


An extended discussion of the common uses for flash 
powder is included in the entry flash powder type, 
where flash powders are divided into several major 
categories: firework flash powder, photoflash pow- 
der, theatrical flash powder and special or unusual 
flash powders. Also, included for each major catego- 
ry is a collection of typical flash powder formula- 
tions. 


Flash powder properties: Flash powder burned in the 
open is subject to inertial confinement and may ex- 
plode even ina relatively small amount (with a critical 
mass of approximately | ounce, 28 grams) depending 
on the type and particle size of the flash powder ingre- 
dients. If the same flash powder is ignited, with even 
partial confinement, such as in an open-ended tube, 
an explosion may result with a much smaller amount 
of powder (on the order of 1/28 ounce, 1 gram). Typ- 
ical theatrical flash powder (with magnesium as its 
fuel) is less explosive than firework flash powder 
(typically with aluminum as its fuel). In part this is 
because of a difference in the particle size of the met- 
als (aluminum powders usually have much smaller 
particle size than magnesium powders) but also be- 
cause aluminum produces more thermal energy when 
it burns than the same quantity of magnesium. 


Studies of the explosive nature of common firework 
flash powders have concluded variously: that they are 
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low explosives, that some may be high explosives 
and that some are high explosives. Of course, part of 
the problem with characterizing firework flash pow- 
ders is that, as pyrotechnic mixtures, they are subject 
to all of the many factors affecting burn rate. Another 
part of the problem is that methodologies and as- 
sumptions often differ between the various studies. 
For regulatory purposes in the US, firework flash 
powders are classed as high explosives. 


Some flash powders are more difficult to ignite than 
one might expect, with ignition temperatures in the 
region of 600 °C or more. As a result, relying only on 
the end-spit of a Bickford-style time fuse to ignite 
flash powder ina firework can lead to an unacceptable 
percentage of failures. For this reason, it is necessary 
to cross match or heavily prime the end of the ignition 
fuse. 


For some applications, it may be desirable to manu- 
facture granulated flash powder. Granulated flash 
powder is easier to handle and can be relatively dust 
free. It tends to burn more slowly in the open, but, 
when confined, can be very brisant. Granulation can 
be accomplished by adding a few percent of a binder 
to the flash powder. This mixture is then moistened 
with a suitable solvent, to activate the binder, and 
then the moist mixture is passed through a coarse 
screen. It is important that moistened flash powder be 
dried promptly in the open so that it does not produce 
and accumulate any heat generated by a reaction that 
can occur between aluminum and the solvent (most 
often water). Granulation with non-aqueous solvents 
may be necessary to produce specialized flash com- 
positions or those containing magnesium. 


Because of the rugged and impervious aluminum oxide 
coating on its aluminum particles, aluminum-based 
flash powder is remarkably stable and, under reason- 
able storage conditions, will remain effective indefi- 
nitely. In contrast, after some months of storage 
magnesium-based flash powders may begin to burn 
more slowly. This is the result of the magnesium oxide 
coating on the surface of magnesium particles being 
permeable to oxygen and water vapor in the air, 
which allows the underlying magnesium to slowly 
react. Magnesium flash powders, as used by the mili- 
tary and those used for theatrical purposes, are usually 
especially well sealed against the influx of moisture. 
Despite this, even a well-sealed device has a shorter 
shelf life than one in which a corresponding alumi- 
num-based formulation was used. 


Safety and handling: The burning of flash powder 
produces a large amount of thermal energy and can 
be powerfully explosive. Thus, the accidental ignition 
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of flash powder can be especially dangerous, even 
when working with a relatively small amount of 
powder (which is very highly recommended). It 
might seem that flash powder is simply too danger- 
ous to make, and then one might wonder how the 
many thousands of pounds are made every year with 
relatively few disasters. Several safety precautions 
are primarily responsible for this. 


Flash powder is quite sensitive to electrostatic dis- 
charges (ESD); most flash powders can occasionally 
be ignited by a fraction of the charge that can accu- 
mulate on a person. The ESD sensitiveness of flash 
powder stems from the presence of fine powders of 
conductive metals. To a large extent, the careful use 
of electrostatic dissipatives and personnel grounding 
(see safety equipment, general (ESD conductive 
equipment)) will ameliorate the potential for acci- 
dental ESD ignitions. Also, it is useful to use con- 
tainers, tools and work surfaces made of paper or 
wood. (Such materials are sufficiently ESD conduc- 
tive to dissipate an electrostatic charge safely without 
producing a spark.). It is also necessary to work in 
ways that are not likely to produce significant elec- 
trostatic charges. 


Flash powder can also be quite impact and friction 
sensitive. The use of sulfur or antimony sulfide in a 
flash powder composition substantially increases its 
sensitiveness to accidental ignition from impact and 
friction, especially if the oxidizer being used is a 
chlorate. The use of potassium chlorate and sulfur or 
antimony sulfide in a flash-powder composition makes 
the flash powder much easier to ignite (both inten- 
tionally and accidentally). For an equal mass of flash 
powder, the use of these potentially problematic in- 
gredients has not been found to increase the sound 
level of exploding fireworks. Thus, the use of chlo- 
rates, sulfur and sulfides should be avoided. Even if 
these materials are not used, it is imperative to use 
mixing and handling techniques that minimize the in- 
put of mechanical energy, to ameliorate the potential 
for accidental ignitions from impact and friction. 


Operating remotely and the use of a personal safety 
shield (see safety equipment (general)) when working 
with flash powder can greatly reduce the risk of a 
catastrophic accident resulting in life threatening in- 
juries. 


Once the flash powder is mixed and loaded into com- 
pleted items, the flash powder is significantly pro- 
tected and the potential for an accident is greatly re- 
duced, but it is not the end of one’s concerns. There 
are still potential problems during storage, particular- 
ly if inappropriate combinations of ingredients have 
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been included in the flash powder. For example, 
powder that combines a chlorate and sulfur has po- 
tential for an adverse chemical reaction. Sulfur parti- 
cles, especially flowers of sulfur (see su/fur), in the 
presence of air (oxygen and moisture), have the abil- 
ity to produce acid on their surface. The problem 
with this is that chlorates become chemically unstable 
in the presence of an acid. Flash powder that com- 
bines a nitrate and aluminum, which is then exposed 
to moisture for a long time, has the potential for ac- 
celerating adverse reactions. If a large amount of 
flash powder becomes moist, spontaneous ignition is 
possible. Flash powders based on magnesium have 
the potential for adverse reaction because of the wa- 
ter reactivity of magnesium. Note that the common 
element in each of the three examples of potential 
adverse reactions during storage is moisture. 


The very best strategy is not to store flash powder at 
all. When flash powder is to be used in pyrotechnic 
devices, it is best to load the devices immediately so 
that it is not necessary to store bulk flash powder. 
When it is necessary to store flash powder, the best 
container is a paper container with a loose-fitting lid. 
These containers are less likely to generate static 
charges as compared with non-ESD-conductive plas- 
tic containers and plastic bags. In the US, bulk flash 
powder is regulated as a high explosive and requires 
storage in a Type | or 2 magazine. 


Manual mixing: The mixing of flash powder composi- 
tion must always be considered a hazardous opera- 
tion, best carried out remotely. When that is not pos- 
sible, and it is necessary to mix flash powder manual- 
ly, it is imperative to work in small quantities and to 
use a personal safety shield. The most widely rec- 
ommended procedure for manual mixing is some- 
times referred to as the diaper method and the process 
may be described as diapering. 


In the diaper method, first, the finely powdered com- 
ponents are individually weighed and sieved. If there 
is more than one oxidizer or fuel in the formulation, 
before proceeding, the multiple oxidizers can be well 
mixed by sieving. The multiple fuels can also be 
mixed together — separately from the oxidizers, of 
course. Similarly, if there are relatively inert ingredi- 
ents such as a flow agent (e.g., fumed silica), these 
inert ingredients may also be well mixed by sieving 
with either the fuel(s) or the oxidizer(s). 


Once the initial mixing of compatible components 
has been accomplished, all pre-mixed ingredients are 
placed together on a large sheet of paper (the diaper). 
The various corners of the paper are repeatedly raised 
and brought over the center of the pile of powder to 
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gently roll the pile of composition upon itself. This 
rolling process is continued until the powder eventu- 
ally becomes uniformly mixed. 


After the fine components are well mixed, other coars- 
er ingredients (e.g., titantum sponge for the produc- 
tion of long-duration sparks) may be added and care- 
fully mixed by further diapering. Also, at this stage, 
bulking agents (e.g., bran or rice hulls) can be added. 


The advantages of the diaper method are that the 
powder is exposed to minimal friction, and clouds of 
dust are not generated in the process. Friction, such 
as might result if all the ingredients were sieved to- 
gether, has produced ignitions. Also, an electrostatic 
discharge in any dust cloud produced while sieving 
must be considered a potential source of ignition. 


Remote mechanical mixing: The remote (and barri- 
caded) mixing of flash powder is greatly preferred over 
manual mixing, but even with this method, it is appro- 
priate to mix the powder in relatively small amounts. 


The most common remote mixing method uses a ro- 
tating drum, such as one might use for a ball mill 
(except without the balls and with a drum that is un- 
likely to generate highly hazardous fragments in the 
event of an explosion). It is important that the rotating 
drum be turned on and off remotely, thus removing 
the need for anyone to approach it while in operation. 


Rotating drums often will generate static electricity. 
For this reason, a means of safely draining any accu- 
mulated electrostatic charge by electrical grounding 
is necessary. An additional electrostatic concern is 
that the motor driving the rotating drum should be a 
gear driven or hydraulic motor, not belt-driven. 
Nonetheless, a newly mixed batch of flash powder 
should be approached with caution, allowing time for 
electrostatic charges to drain to ground safely. 


Similar to the process of manual flash powder mixing 
(discussed above), the finely powdered components 
are first weighed. The fuel(s) and oxidizer(s) are then 
sieved separately (possibly with any relatively inert 
ingredients, such as a flow agent) and finally are 
loaded into the mixing drum. 


A most useful modification to the rotating drum 
method is to mix the flash powder inside the individ- 
ual container into which it will reside as a finished 
product. This method only works for devices that are 
not completely filled with flash powder, such as the 
vast majority of flash powder devices (e.g., aerial and 
ground firework salutes). As with the drum method, 
the individual components are sieved as two compo- 
nents, fuel(s) and oxidizer(s), and a flow agent is of- 
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ten included. Appropriately sized increments of the 
fuel and oxidizer are loaded (usually using a calibrated 
volume method) into what will be the casing of the 
finished product, and the casing is sealed as would 
normally be done. Then, the individual units are se- 
curely packed into boxes or other containers, and they 
are loaded into a rotator for remote mixing. After a 
relatively short period of rotation, the devices are re- 
trieved, and any additional finishing operations are 
performed, without anyone ever having direct contact 
with the mixed flash powder contained within. 


Historical: Prior to the development of more brilliant 
effects, lycopodium powder dispersed into the air and 
ignited had been used for some time as a flame effect 
in theaters. The flash powders of today had their 
origin as photoflash powder developed in the late-19" 
century (see flash powder type (photoflash powder)). 


Flash powder came to be commonly used in fire- 
works early in the 20" century (see flash cracker). 
These formulations were commonly based on alumi- 
num metal powder. The use of flash powder in mili- 
tary training aids and for nighttime aerial photog- 
raphy followed shortly thereafter. 


FLASH POWDER TYPE — Flash powder may be classi- 
fied into a number of distinct kinds, each having its 
own uses, properties and formulations. 


firework flash powder — Unlike photoflash pow- 
der and many theatrical flash powders, firework flash 
powder is almost universally used to produce the 
sound of an explosion. Accordingly, most firework 
flash powder is used to make firecrackers and salutes. 


Firework flash powder is commonly based on alumi- 
num as the reactive fuel, in part because it reacts to 
produce greater thermal energy than magnesium, 
which is commonly used in photoflash and theatrical 
flash powders. More importantly, unlike magnesium, 
aluminum has a tough oxide coating that makes it 
much less susceptible to attack by moisture. Thus, 
aluminum-based flash powders store better than 
magnesium-based flash powders. Aluminum has a 
significantly greater grain density (2.70 g/cm*) than 
magnesium (1.74 g/cm). Flash powders made with 
atomized aluminum will be somewhat denser than the 
equivalent made with magnesium, potentially allowing 
a greater mass of powder to be loaded into a device. 


A safe and effective way of improving the perfor- 
mance of some flash powders, especially in small de- 
vices, can be to use a mixture of fine-flake and fine- 
atomized aluminum powders. The use of atomized 
aluminum produces a dense flash powder, allowing a 
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greater mass to be used in a given-size device. Dense 
flash powders can be difficult to ignite and may tend 
to simply burn rather than powerfully explode, espe- 
cially after prolonged storage when the powder may 
become compacted. Replacing approximately 20% of 
the atomized aluminum with fine-flake aluminum fa- 
cilitates ignition of the flash powder and keeps it 
from compacting during storage. As an alternative, 
the use of some flow agent (e.g., Cab-o-Sil) or bulk- 
ing agent (e.g., rice hulls) in small amounts can help 
keep dense flash powders from compacting. Even 
though this slightly dilutes the flash powder, the 
overall performance is somewhat improved. 


The presence of sulfur or antimony(III) sulfide in 
flash powder compositions made with potassium per- 
chlorate or potassium chlorate facilitates their igni- 
tion, but also greatly increases the probability of an 
accidental ignition, especially with potassium chlo- 
rate. Today, the use of sulfur and/or antimony(III) 
sulfide with these oxidizers is considered unaccepta- 
ble from a safety standpoint. Furthermore, their use 
does not produce a louder effect for the same mass of 
flash powder, and it also does not seem to alter the 
tonal quality of the explosive sound produced. 


A number of flash powder formulations are presented 
below. As with other types of flash powder, a diversi- 
ty of oxidizers may be used. Historically, it was 
common to use potassium chlorate (see formulation 
1). While today the use of this formulation seems 
foolhardy and completely unnecessary, it was com- 
mon at the time to include sulfur and/or antimony(III) 
sulfide in firework flash powder compositions, per- 
haps to compensate for the lack of very small parti- 
cle-size flake aluminum. 


Formulation — 
Ingredient | 
Potassium ch 
Potassium perchlo 


Parts by Weight 


1 @]@ [a 
oe ala 


rate 


Aluminum (dark pyro) @ 


Titanium (sponge) | 


a) Dark pyro aluminum is a highly reactive (extremely fine) 
flake aluminum metal powder. 


1) Davis, 1943. 2 to 4) Common. 


Today, potassium perchlorate has almost totally re- 
placed potassium chlorate and, for the most part, 
gone too are sulfur and antimony(II]) sulfide. Formu- 
lation 2 is probably the most commonly used flash 
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powder composition in firework salutes. The chemi- 
cal equation for the combustion of this formulation is: 


3KClO, + 8 Al > 4AL0;3 + 3 KCl 


The flame temperature and thermal energy produced 
by this reaction are approximately 3500 °C and 9300 
kJ/kg, respectively, based on thermodynamic model- 
ing. This compares with a flame temperature and 
thermal energy of approximately 3000 °C and 7900 
kJ/kg, respectively, when magnesium is used, stoi- 
chiometrically, in place of aluminum. 


Another oxidizer commonly used in firework flash 
powder is barium nitrate (formulation 3 above). Be- 
cause barium nitrate is a weaker oxidizer than potas- 
sium perchlorate, it is common (and acceptable from 
a safety standpoint) to include sulfur in this flash 
powder composition. When this flash powder is used 
to make salutes, to compensate for its less powerfully 
explosive nature, it is necessary use a stronger salute 
casing than would be needed for formulation 2. 


Many firework flash powders, especially those used 
in large aerial salutes, produce a white spark effect in 
addition to a thunderous explosion. Almost universal- 
ly, this is accomplished by the addition of granular ti- 
tanium (formulation 4). To maximize the spark ef- 
fect, it is appropriate to scale the particle size of the 
titanium to the size of the salute in which it is used. 
Larger titanium particles burn for a longer time, and 
they project farther from the center of the explosion. 
These might seem to be desirable traits for small sa- 
lutes as well, but the use of large particle-size titani- 
um in small salutes reduces the total number of 
sparks produced and thus makes a less dense and less 
effective display. 


Where 20 to 40-mesh titanium might be optimum for 
a 1-inch (25-mm) shot, 10 to 20-mesh titanium would 
be appropriate for a larger salute. The best overall ef- 
fect, considering both spark density and duration, can 
often be achieved with a mixture of titanium particle 
sizes. For example, even with modest-size salutes 
(1% to 3 inches, 38 to 75 mm); an additional 5 to 
10% of relatively coarse titantum sponge (10 to 20 
mesh) improves the diameter and duration of the spark 
sphere. As long as sufficient fine titanium is includ- 
ed, the perceived spark density is mostly preserved. 
(See spark duration, control of (metal sparks).) 


There are two exceptions to the rule that discourages 
the use of sulfur combined with potassium perchlo- 
rate in modern firework flash powder. These examples, 
from Chinese products, are presented below. Formu- 
lation 5 is a flash powder used in small firecrackers 
and the headings of small rockets. Formulation 6 is 
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used in display firework salutes and replaces aluminum 
with magnalium. While these types of flash powder 
are quite effective in their performance, they may 
plausibly have been the cause of some of the acci- 
dents in firework manufacturing operations in China. 


Formulation —} Parts by Weight 
Ingredient | | 6) | 


a) Dark pyro aluminum is a highly reactive (extremely fine) 
flake aluminum metal powder. 


5) Lancaster, 2006. 6) Kosanke, unpublished research. 


Flash break: A weaker type of firework flash powder 
(one having less brisance) may also be used as the 
break charge in some aerial star shells. This flash pow- 
der is typically assembled into a flash bag and installed 
in the center of the assembly of stars or other effects 
in the shell. Some formulations for such firework 
flash powders are presented in the flash break entry. 


Colored Flash: In recent years, one occasionally sees 
firework salutes that produce modestly colored flash- 
es of light. This is accomplished with formulations 
similar to those used to produce colored theatrical 
flash powders (see below) and is discussed in colorea- 
flame chemistry. 


Dark flash: (Also dark report) — Occasionally, explod- 
ing fireworks are made with compositions that do not 
contain a metal powder, and thus, they produce com- 
paratively little light upon functioning. This type of 
powder may be described as dark flash. A collection 
of dark flash formulations is presented below. 


Formulation | Parts by Weight 
Ingredient | (10) 
io = - { z | 


7 and 8) Common. 9 and 10) Hardt, 2001. 


One application where dark flash composition is use- 
ful is in the breaking of crossette comets, where a 
bright flash of light would detract from the esthetics 
of the crossettes. Formulation 7 is an example of a 
dark flash composition that has been used for break- 
ing crossettes, but as the combination of potassium 
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chlorate and antimony(IIJ) sulfide results in rather ex- 
treme friction sensitiveness, its use is quite rare today. 


Occasionally, salutes are made with various low-light 
producing compositions and may be described as dark 
salutes. Formulation 8, a standard whistle composition, 
is probably the most commonly used for this applica- 
tion. It is used as a loose, uncompacted powder in the 
salute. Formulations 9 and 10 are perhaps marginally 
safer than formulation 7, but any mixture of potassi- 
um chlorate and antimony(II) sulfide will be quite 
sensitive to friction. As a somewhat safer alternative, 
similar mixtures made with potassium perchlorate in- 
stead of potassium chlorate are feasible; from a safely 
standpoint, the use of formulation 8 is preferred. 


photoflash powder — (Also flashlight powder) — 
This was the first type of flash powder to be developed. 


The first attempt to use a pyrotechnic mixture for the 
purpose of photographic illumination seems to have 
been made by British astronomer and pyramid enthu- 
siast Charles Piazzi Smyth (1819-1900). In 1865 
while preparing for his exploration of the Great Pyr- 
amid of Giza, Smyth discussed the challenge of pho- 
tographing inside the pyramid with naturalist Joseph 
Sidebotham (1824-1885). Sidebotham suggested 
burning a mixture of potassium nitrate and magnesi- 
um filings. Instead, Smyth tried to illuminate the 
King’s Chamber by burning a mixture of Black Pow- 
der and magnesium filings. He was not pleased with 
the result and considered the experiment a failure. 


In 1865 a few months after Smyth's attempt, Scottish 
photographer John T. Taylor (1827-1895) demon- 
strated a mixture of potassium chlorate, antimony(III) 
sulfide, sulfur and magnesium filings to the South 
London Photographic Society. Taylor’s mixture would 
have been dangerous and expensive, its brief flash of 
light would not have been suited to the slow photo- 
graphic emulsions of the day. 


For the next 22 years, magnesium light for photog- 
raphy was provided simply by burning magnesium rib- 
bon or by passing a stream of magnesium powder 
through a flame. In 1887 German photographers Adolf 
Miethe (1862-1927) and Johannes Gadicke (1835- 
1916) patented pyrotechnic flash powders for photo- 
graphic purposes. By that time, photographic emul- 
sions had been much improved and required far less 
light exposure. Flash powders soon became widely 
used and many variations were produced. 


A collection of early magnesium-based photoflash 
powders is presented below, in roughly chronological 
order. 
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Formulation — Parts by Weight 


Ingredient | 
Potassium chlorate 4 12) 24) 3:1 2 3 
eee eae abe i gui (| ld psy fe 
enor ela a) ae ale ia eo — a 
__ permanganate 


Potassium hexacyano- 
ferrate(|!) trinydrate 


Phosphorus (red) 
Sucrose 


1) Taylor, 1865 (see Howes, 1990). 2 and 3) Gaedicke, 
1887. 4) Sothen, 1888. 5) Harvey, 1888. 6) Muller, 
1898. 


Formulation — 
Ingredient | 


Parts by Weight 


LOL) ea [oofay)ray 


Potassium perchlorate 


Potassium 


_..Permanganate Geer? ene seciene [eeeaes! eee ares 
Potassium persulfate - 


Magnesium 96 | 1 


KR 
= 
—_ 
— 


7) Galewsky, 1892. 8 to 12) Andresen, 1912 


Those compositions that contained potassium chlo- 
rate (1 to 6) were sensitive and dangerous. Composi- 
tion (9), which contained only magnesium and potas- 
sium permanganate, was said to be less dangerous 
and seems to have been widely used. Composition 11 
was said to be much better than previous composi- 
tions, producing intense light and very little smoke 
(at the time, the hazards of thorium’s radioactivity 
were not recognized). Composition 12 is similar to 11 
but is not radioactive. As the nitrates of thorium and 
cerium are hygroscopic and acidic, the components 
were supplied separately and mixed just before use. 
This was essential for these two compositions, but it 
was common practice for other mixtures as well, 
simply to avoid the problems associated with storing 
and handling explosive mixtures. 


In 1891 Max Putz suggested aluminum as a replace- 
ment for the then very costly magnesium in flash 
powders. Putz presented his work on photographic il- 
lumination to the Vienna Photographic Society. In 
1892 the idea of using aluminum in flash powder was 
taken up independently by French chemist and chemi- 
cal author A. Mathieu Villon (1867-1895) and by Lat- 
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vian chemist Maximilian Glasenapp (1845-1923), 
Professor in the Department of Technical Chemistry, 
Riga Polytechnic Institute. All these inventors used 
potassium chlorate as the oxidizer, and their mixtures 
were dangerously sensitive; later, safer mixtures made 
with potassium permanganate or potassium perchlo- 
rate oxidizers were introduced. 


A collection of aluminum-based photoflash powders 
is presented below. 


Formulation > 
Ingredient | 


Parts by Weight 


© lela tele) 


Potassium chlorate 


Potassium 
permanganate 


Potassium hexacyano- 
ferrate(ll) trihydrate 


1) Putz, 1891. 2 and 3) Villon, 1892. 4) Glasenapp, 1893. 
5) Glasenapp, 1898. 6) Weiss, 1900. 


An example of a photoflash powder kit dating to ca. 
1925 is shown below. The description of the product 
on the label is “The Powders in this box, when mixed 
together, produce a brilliant flash with a minimum 
amount of smoke and an entire absence of dust. The 
Flash Powder must on no account by used in a Lamp 
or enclosed Receptacle.” 


Powders in this box, whem mixe Race 
te brilliant fash with aeminimum amount of! 
prods afid an €ntirevabsence of dust. a 

Fash Powder.muSst on no account be used: ei, 
in a,kamp_or, eficlosed Reccptacle. ~ : | 

DIRECTIONS BN gL OPE OE 

f MANUFACTURED! BY +iat 
JOHNSON “So SONS... 4 
: ‘ Matiufacturing Chemists, Limited, | a! 

23, exon nhs re FINSBUR WS; ae c, 


Flash Powder re 4d 
Fi 


Photo Credit: www.photomemorabilia.co.uk 


The kit consists of two powders (i.e., a binary pyro- 
technic composition) in two cork-stoppered tubes and 
a package of touch paper (as shown below). 
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Photo Credit: www.photomemorabilia.co.uk 


The directions given in the kit are “Add the contents 
of the smaller tube to the powder in the larger tube. 
Shake thoroughly. Use on a tin lid. Place the mixture 
in a heap or a ‘train’ on the tin lid. Place a piece of 
the Touch Paper vertically in it and light the top. For 
an ordinary portrait use 10 grains. For small groups 
use 30-40 grains.” 


Other photoflash powders were often used in a spe- 
cial flash lamp that was held above the head of the 
photographer and ignited to provide a bright flash of 
light. 


theatrical flash powder — A type of flash powder 
used for special effects in motion pictures, television 
and on stage. Typically, it is purchased either in pre- 
assembled units (preloads) or as two components 
(i.e., a binary pyrotechnic composition) that are mixed 
together shortly before use, thus eliminating the ne- 
cessity of transporting and storing an explosive prod- 
uct. Theatrical flash powder is produced in several 
different forms, most of which are significantly less 
explosive than firework flash powder. 


Airburst: Airburst flash powder is designed to be used 
in a small package that includes an electric match. 
These little packages are simply referred to as air- 
bursts and typically are secured above the stage or in 
some cases above the audience. The effect produced 
is a flash of light, somewhat reminiscent of a small 
aerial salute, but with only a minimal popping sound 
and not the thunderous sound of an explosion. An ex- 
ample of a functioning standard (i.e., regular) airburst 
charge is shown below. The airburst is the tiny dot 
identified with a yellow circle in the first image. 
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Photo Credit: Tom DeWille 


Larger diameter airbursts are made by using a larger 
quantity of a flash powder that contains larger spark- 
producing particles. One possible set of silver air- 
burst (white spark) formulations is presented below for 
regular (1), high altitude (2) and coliseum (3) airbursts 
(DeWille, 2008). 


Formulation —| Parts by Weight 
ingredient | 


| 


Sparkle flash powder: Sparkle 
flash powder is used to produce a 
stage-level flash of light that in- 
cludes a spark effect, which is 
typically produced with titanium 
sponge or a coarse flake alumi- 
num. The powder is fast burning 
but not particularly explosive. It is 
normally loaded into a flash pot 
(referred to as a sparkle pot when 
using sparkle flash powder), 
where is it ignited on cue with an 4 
electric match. Depending upon /™ 

the length and diameter of the ""—™ 
flash pot and the formulation of 

flash powder, the resulting effect oes 


= 


=e 


will approximate that of a very 
short-duration stage gerb. An ex- 
ample of the display produced Photo Credit: 
with a sparkle flash powder is Tom DeWille 
shown at the right. 
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Formulations 4 and 5 (presented below) are examples 
of a silver and gold (i.e., white and yellow spark) 
sparkle flash powder (De Wille, 2008). 


Formulation —| Parts by Weight 
Ingredient | (4) 


Colored flash powder: Colored flash powder is used 
to produce a stage-level flash of colored light. 


Formulations typically use strontium nitrate or barium 
nitrate as the combined flame color agent and oxidizer, 
magnesium as the fuel and a chlorine donor (see col- 
ored-flame chemistry). The powder is fast burning 
but not particularly explosive. It is normally loaded 
into a flash pot where is it ignited on cue with an 
electric match. Formulations 6, 7 and 8 (presented 
below) are examples of red, yellow and green colored 
flash powder (DeWille, 2008). 
Formulation — 
Ingredient | 


Concussion powder: (Also sonic flash powder) — A 
type of flash powder used to produce a thunderous 
concussion effect at or near stage level. This powder 
is used by loading a small amount into a very thick- 
walled concussion mortar, where it is ignited on cue 
with an electric match. Concussion powder ranges 
widely in its explosive output, in some cases relying 
greatly on the confinement provided by the concus- 
sion mortar. 


The sound levels produced by concussion powder can 
easily range to 160 dB (peak — linear weighted) at 25 
feet (8 m), which is the minimum distance to the au- 
dience allowed in the US. To some extent, the tonal 
quality of the sound (mellow versus sharp) is deter- 
mined by the choice of ingredients used in the con- 
cussion powder. Examples (DeWille, 2008) of a more 
mellow (9), a somewhat sharper (10) and a sharp 
sounding (11) concussion powder are presented be- 
low. In the first two cases, these powders are fuel- 
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rich, relying on atmospheric oxygen to complete the 
burning of the metal fuel. This is often done when it 
is desired to produce greater light output and to slow 
the explosive reaction rate. Formulation 11 is the same 
as a common firework flash powder and is stoichio- 
metric (i.e., with the fuel and oxidizer balanced). 


Formulation —]| Parts by Weight 
Ingredient | (10) | (11) 


Occasionally gaffer’s tape is placed over the opening 
of the concussion mortar. In some cases, depending 
on the nature of the concussion powder being used, 
this added confinement may increase the sound pro- 
duced for a given amount of powder. More im- 
portantly, the gaffer’s tape protects the otherwise ex- 
posed powder from stray sparks. 


special or unusual flash powder — Flash power 
can be made with a wide variety of oxidizers and fine 
metal powders. Chlorates, perchlorates, nitrates, per- 
oxides, iodates, bromates, and even sulfates, car- 
bonates and oxides, have all been used in flash pow- 
ders. For example, simple mixtures of plaster of Paris 
(anhydrous calcium sulfate) and magnesium, or of ar- 
senic oxide and magnesium can be flash powders. 
Some of these powders are less easily ignited than 
others, but they are still flash powders. 


Some unusual flash powder formulations, described as 
high-altitude flash charges, are presented below. One 
is quite fuel-rich, containing a substantial proportion of 
calcium metal as a fuel (1), and another (2) has calci- 
um fluoride as an oxidizer. In (3), the oxidizer con- 
sists of a combination of an oxide, a carbonate and a 
sulfate, and in (4) the oxidizer is zirconium nitrate. 


Formulation — | Parts by Weight 
Ingredient | 


a) Calcium fluoride [CaF2] {CAS 7789-75-5}. 
1 and 2) Ellern, 1968. 3 and4) Thorp, 1941. 
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FLASH REACTION - See glitter effect (glitter flash). 


FLASH REDUCER — Any material added to the propel- 
ling charge of a gun to reduce the muzzle flash pro- 
duced. 


FLASH ROCKET - See firework rocket type, specific. 

FLASH STRING — See flash material. 

FLASH TRAY (photography) — See flash lamp. 

FLASH TRAY (proximate audience) — A proximate au- 
dience preload used to produce a relatively wide 
(broad) flash of light and/or a spray of sparks. One 


example of a flash tray preload is shown below along 
with one mounted in a simple holder. 


This type of flash tray consists of a strong paper tube 
with a tightly closed slit running its length. The slit is 
covered with tape that is removed before use. The 
tube is partially filled with a pyrotechnic composition. 
When the device is fired, a spray of flaming granules 
and/or sparks forces the slit open and the display pro- 
ceeds upward. 


An example of a functioning flash tray is shown be- 
low. Because of the extreme brilliance of this effect, 
it required being photographed at F16 and 1/8000 
second; also, the still images somewhat understate 
the purity of the red color. The top row of images 
spans an interval of approximately 0.07 second and 
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the bottom row spans 0.14 second (the total effect time 
was approximately 0.3 second). The effect reached ap- 
proximately 8 feet (2.5 m) in height and 5 feet (1.5 m) 
in width. 


Two additional flash tray examples are shown below, 
one produced a red flash with white sparks, and another 
produced a dense spray of yellowish white sparks. 


FLASH TUBE (aerial shell) — See fuse tube. 


FLAT CHRYSANTHEMUM SHELL -— A pattern shell 
with a single ring of comet stars that burn to leave an 
outward radiating trail of sparks in a single plane. An 
example of a flat chrysanthemum is shown below. 


Photo Credit: Ralph Chamberlain 


FLAT MATCH — See black match and quick match. 

FLAT TRAJECTORY (rocketry) — A flight path described 
by arocket that spends more of its flight traveling in a 
horizontal direction than in a vertical direction. 

FLAX OIL and FLAX SEED OIL — See /inseed oil. 


FLESH INJURANT (military) — See vesicant. 


FLEXIBLE LINEAR-SHAPED CHARGE — Sce shaped 
charge. 


FLEX-X — See explosive sheet. 


FLICKERING — See aerial shell name and description 
(specific). 


Page 541 


FLIGHT (fireworks) — (Also volley) — The near simul- 
taneous firing ofa substantial number of aerial devices, 
usually all the same type. Historically, the term was 
applied exclusively to groups of rockets (see barrage, 
firework). 


FLIGHT-CRITICAL ITEM (rocketry) — Any item that 
must be present and operate correctly to have a suc- 
cessful flight of a rocket. 


FLIGHT CYLINDER (rocketry) — A high-strength con- 
tainer for liquid or gas used in conjunction with a hy- 
brid or high-power amateur rocket. The cylinder may 
be sealed, which allows it to be filled and stored in- 
definitely prior to launch, or it may be vented such that 
the flow from the cylinder through the motor is contin- 
uous and must be filled immediately prior to launch. 


FLIGHT PATH — The three-dimensional path (i.e., tra- 
jectory) described by the movement of a rocket or 
aerial shell during a single flight. 


FLIGHT PROFILE — A two-dimensional graph or plot 
of the flight path of a rocket or aerial shell in the ver- 
tical plane. 


FLIGHT, ROCKET — See rocket flight. 


FLIGHT TEST — A flight conducted to test a vehicle, 
component or component assembly of that vehicle 
under actual dynamic conditions. Flight tests are of- 
ten used to qualify a rocket for a later mission or 
flight with other primary objectives. 


FLINT METAL — See mischmetal. 
FLITTER ALUMINUM - See aluminum, flitter. 


FLITTER EFFECT — A relatively long-duration, bright 
white or yellow spark effect, possibly including spark 
branching. Flitter effects can be produced by relatively 
coarse metal powders, often rather large particle-size 
flake aluminum, one type of which is described as 
flitter aluminum. Other common flitter-effect produc- 
ing metals include iron, titanium, ferro-titanium and 
ferro-aluminum. 


The flitter effect may be produced by burning fire- 
work stars, gerbs, fountains, wheels or saxons. 


Glitter versus flitter terminology: There is disagree- 
ment among pyrotechnists related to the proper use of 
the terms flitter effect and glitter effect. There are at 
least three prevailing schools of thought on the sub- 
ject, each having some historical or cultural validity. 
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e For some, the term flitter is exclusively used to de- 
scribe only that spark effect described elsewhere in 
this text as the glitter effect, one producing sparks, 
terminating in a delayed flash reaction. 


e For others, the terms flitter and glitter are used syn- 
onymously, with both referring to the spark effect de- 
scribed in this text as the glitter effect. 


e For still others, the terms are clearly differentiated: 
with glitter specifically referring to the spark effect 
described in this text as the glitter effect, and flitter 
specifically referring to the spark effect described 
above (one producing persistent bright sparks where 
there is no secondary flash reaction). 


It is not the intent of this text to take a position in this 
controversy; the third naming convention was adopted 
as a matter of practical convenience. 


FLITTERS — See aluminum, flitter. 


FLITTER SPARKLER — See fountain type (hand foun- 
tain). 


FLOATING AERIAL SHELL — See water firework. 


FLOATING DUD AERIAL SHELL — When a malfunc- 
tioning aerial shell falls into water unexploded, 
whether it will float or sink is determined by Archi- 
medes’ principle. By comparing typical shell densities 
with the density of water, it was found that almost 
always (approximately 95% of the time) the shell will 
float for a period. Floating dud shells or shells that 
have washed up on a shore have been found by indi- 
viduals after firework displays and have the potential to 
cause serious accidents. The float time for these shells 
can be considerably longer than might be expected, 
with an average of more than 15% of dud shells float- 
ing for more than a month. The graph below presents 
the results of typical dud shell float time. 
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Approximately 5% of the shells sink immediately; then 
over the next month, another approximately 80% of 
the shells eventually sink. It is unknown how long the 
remaining 15% of shells would continue to float. 
Typically, the pyrotechnic content of floating shells 
either continues to be viable or regains viability after 
being dried. This has produced accidents when float- 
ing shells have been found, even days after a display. 
This potential problem should be considered when a 
body of water is used as the fallout area for displays. 


FLOATING FLARE and FLOAT SIGNAL — See marine 
signal. 


FLORAL FOUNTAIN — See fountain type (jeweled 
fountain). 


FLOW AGENT -— A chemical typically added in small 
amounts to another chemical to substantially improv- 
ing its ability to pour freely. Commonly, this is ac- 
complished by preventing or reducing the other 
chemical’s tendency to cake (i.e., to form lumps). 


Colloidal silica is a typical flow agent (and anticak- 
ing agent), effective when as little as 1% is added to 
other chemicals. Two common trade names for col- 
loidal silica are Cab-O-Sil and Sant-O-Sil. 


Conductive lampblack is another commonly used 
flow agent, which is especially effective for sulfur 
and other materials that clump together because of 
the electrostatic charges on its individual particles. 
As little as 0.1% of conductive lampblack can be 
completely effective. 


FLOWER (fireworks) — See aerial shell names and de- 
scriptions (specific). 


FLOWER COMET — See comet type (ascending comet). 


FLOWERPOT (aerial shell malfunction) — A type of 
aerial shell malfunction where the shell bursts with 
relatively low power, apparently within the mortar. 
This is in contrast with the malfunction described as a 
shell detonation. A flowerpot produces an upward 
spray of ignited stars and other effects, as illustrated 
farther below. It closely resembles the effect pro- 
duced by a firework mine. 


A flowerpot has various possible causes including a 
substantial fire leak into the shell and from the igni- 
tion of the shell’s contents resulting from setback. 
These two possibilities require further discussion. 
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Star Pattern 


Substantial fire leak: When the amount of fire leaking 
into a star shell is substantial, the time for the shell to 
explode is less than the time taken for the shell to 
leave the mortar. Thus, the shell will explode while 
still within the mortar. 


One way in which a substantial fire leak may occur is 
the result of the high-pressure lift gases acting on the 
time fuse and pushing it into the shell. This allows a 
jet of fire to enter the approximately 0.25-inch (6 mm) 
hole left by the now-missing time fuse. 


It is thought that another way to produce a substantial 
fire leak is if the shell forcefully rotates in the mortar 
as it is being fired. In that case, one of two things 
might happen. The fuse might be pulled out of the 
shell as it scrapes along the inside of the mortar. The 
other possibility is that the jet of fire emerging from 
the burning time fuse might be pinched off, causing 
the jet of fire and the powder core of the fuse to be 
forced into the interior of the shell. 


Still another way to have a substantial fire leak is if 
the shell is damaged or too weakly constructed to be 
able to withstand the high internal mortar pressures 
and inertial forces produced as the shell is fired. Typ- 
ically, peak acceleration in the range of 500 to 1500 
times that of gravity is produced as a shell is fired. 
For such shells, it is possible that they collapse or tear 
apart upon firing, directly exposing their contents to 
the fiery lift gases. 


Setback: As an aerial shell is fired from its mortar, it 
is subjected to very high acceleration (see above). 
Thus, unless the contents of an aerial shell have been 
tightly compacted when the shell was being con- 
structed, there will be movement (including rubbing 
together) of the shell’s contents. The potential prob- 
lem is that all pyrotechnic compositions are at least 
somewhat friction sensitive. This raises the potential 
for the premature internal ignition of the shell when it is 
still inside the mortar, immediately after it was fired. 
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Muzzle breaks appearing as flowerpots: For lesser fire 
leaks and internal ignition from setback, the time be- 
fore the shell explodes will be greater than the time 
required for the shell to exit the mortar. In that case, 
the shell will usually have left the mortar before it 
explodes. This type of lesser fire leak may occur as 
the result of some of the high-pressure lift gases en- 
tering the shell through small cracks or other imper- 
fections around the time fuse. If that shell is of a type 
that explodes very powerful- 
ly, the event will usually ap- 
pear as a muzzle break mal- 
function. If the shell explodes 
less powerfully, the event can 
have the appearance expected 
for a flowerpot malfunction, 
even though the shell has left 
the mortar. A time exposure of 
such an event for a spherical 
shell over an interval of ap- 
proximately 80 ms, is shown 
at the right. This approxi- 
mates the appearance of the 
event as is perceived by the 
human brain. 


Certainly, this appears to be a malfunction that would 
typically be described as a flowerpot, but when this 
exact same event is presented as a series of six high- 
frame rate images (each with a 2 ms shutter speed) 
and spanning an interval of approximately 50 ms, it is 
clear that the shell has actually left the mortar before 
exploding (as shown farther below). 


In the first two images (upper left and right), the 
normal muzzle flash of a shell firing is seen. In the 
third image, the explosion of the shell has started as 
evidenced by the increased intensity of light produc- 
tion and the widening of the fireball. For a normal 
shell firing, at this time the muzzle flash would be 
decreasing in its light intensity. In the remaining 
three images, the display is as expected for a spheri- 
cal shell burst, albeit one that is moving upward at 
great speed. That the shell had definitely left the mortar 
before exploding was confirmed in two ways. First, 
the pressure inside the mortar was monitored and it 
did not show the pressure spike that is characteristic 
of an in-mortar explosion. Second, when a shell ex- 
plodes within the mortar the pattern of exiting stars is 
totally random, not at all the expanding sphere of 
stars as seen in this case. 


FLOWERPOT (firework device) — Describes two types 
of small consumer fireworks. 
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A spur-fire fountain: One type of flowerpot is a foun- 
tain containing a specialized composition that pro- 
duces a spray of molten droplets. These droplets con- 
tain potassium polysulfide and finely-divided carbon 
that react with the air to produce a spur fire effect. 
These fireworks are still sometimes 
manufactured today, and the spur- 
fire effect produced from the mol- 
ten droplets is like that produced by 
Japanese senko-hanabi. These 
sparks are especially attractive 
when viewed from a short distance. 
An example of this type of flower- 
pot fountain, made in Australia in 
the 1950s, is shown at the right. It 
has blue touch paper for ignition. 
This was characteristic of British 
shop goods at that time and was al- 
so used on shop goods made in 
other countries (such as Australia) 
that followed the British tradition 
of firework-making. 


Fireworks of this type were known in China in the 
18" century and knowledge of them was brought to 
Europe by the French Jesuit missionary Pierre Nico- 
las le Chéron d'Incarville (1706-1757), who lived in 
China from 1740 until his death. D’Incarville wrote a 
detailed manuscript about Chinese fireworks that was 
published in France in 1763; an illustrated English 
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summary was published in the following year. Two 
examples of Chinese flowerpot compositions from 
d’Incarville are presented below (formulations 1 and 
2). In 1766 the English soldier, Robert Jones pub- 
lished a formulation (3) for this type of fountain. 


Formulation —| Parts by Weight 
Ingredient | 3) 


a) There is little reason to doubt that d’Incarville was refer- 
ring to elemental arsenic, and not to one of its sulfides, 
as he refers elsewhere to orpiment, arsenic(III) sulfide, 
as an ingredient of white fire. 


1 and 2) d’Incarville, 1763. 3) Jones, 1766. 


Jones emphasized the difficulty of mixing the com- 
position to achieve the desired effect. The potassium 
nitrate and sulfur were first sifted together, and then 
placed with the lampblack into a marble mortar. The 
ingredients were then rubbed together with a wooden 
pestle until the color just changed to a uniform gray- 
ish-black. A little of the composition was then tested 
by being driven into a small tube and fired. If plenty 
of sparks appeared, all was well; if few appeared, it 
was a sign that the mixing was insufficient, if the 
sparks were very small and short-lived, the rubbing 
had gone too far. Jones mentioned a curious fact, re- 
peated by later British writers, that the composition 
works much better if the charged cases are stored for 
a few months before being fired. Jones referred to the 
composition as ‘spur fire’, and the individual fire- 
works as ‘artificial flower pots’. He called the sparks 
‘pinks’, presumably from the small carnation flowers 
of that same name, and the terminology was followed 
in several subsequent British firework books. 
D’Incarville had commented on the resemblance of 
the sparks to carnations. Both Jones and D’Incarville 
recommended that the flowerpots be fired indoors, as 
the effect is best appreciated when close. D’Incarville 
suggested firing them in a fireplace, which seems a 
wise suggestion in view of the arsenical fumes that 
the compositions would have produced. Jones 
claimed that the sparks from a flowerpot will not 
burn a handkerchief held in the midst of them and 
wrote that the fireworks could be held in the hand 
while burning “with as much safety as a candle. If 
you put your hand within a foot of the mouth of the 
case, you will feel the sparks like drops of rain’. 


Four much later formulations for flowerpot composi- 
tions are presented below. 
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a) Rough Black Powder. 
c) 3Fg granulated powder. 


d) Vegetable black, a type of lampblack made from the 
combustion of vegetable oil. 


b) Meal powder. 


1) Blom, 1997. 2 and 3) Kentish, 1905. 4) Davis, 1943. 


A firecracker fountain: Another type of flowerpot is a 
traditional Chinese firework consisting of a small 
fountain that has a number of firecrackers affixed to 
the exterior of its case. The firecrackers are fused to 
fire with a short delay after the fountain burns out, 
providing a surprising conclusion to the performance. 
Three examples of this type of flowerpots are shown 
below. The example in the center was made in China 
in the early 1980s; the other two were made in Hong 
Kong in the 1950s. 


FLOWERS OF ANTIMONY — See antimony/(III) oxide. 
FLOWERS OF SULFUR - See sulfur. 


FLOW SEPARATION — Separation occurs when the 


flow around an object becomes detached from its sur- 
face and, instead, eddies are formed. The effect of 
shape on the extent to which flow separation occurs 
is illustrated below with two shapes. In the upper il- 
lustration, the blunt object produces a large area in 
the downstream flow in which separation has oc- 
curred. In the lower illustration, the streamlined ob- 
ject suffers much less severe flow separation. 
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When flow separation occurs, it produces greater 
aerodynamic drag than turbulent flow and much 
greater drag than laminar flow. While completely 
laminar flow would be preferred, that is impractical, 
or impossible, for objects (e.g., rockets and aerial 
shells) moving at substantial speed through the air. 
The fact that partially turbulent flow is preferable to 
separated flow is the reason for dimples in golf balls 
and the fuzz on tennis balls. A rough surface induces 
turbulent flow but keeps the flow attached to its sur- 
face longer, with the result of helping to maintain the 
high velocity of objects. 


FLOW TYPE (rocketry) — Flows can be characterized 
based on various conditions existing within the flow, 
or other factors. Characterizing flows in this way can 
aid in understanding some aspects of flow dynamics, 
such as occur in a rocket nozzle. 


equilibrium flow — A flow of reactive gas that is in 
a state of chemical equilibrium, even when undergo- 
ing a rapid compression or expansion process. 


frozen flow — A flow of reactive gas without a change 
in the chemical species present, even under compres- 
sion or expansion of the flow. A near-frozen flow is 
observed in the divergent part of a rocket nozzle, 
where pressure and temperature rapidly decrease, and 
the opportunity for interaction between reactive mol- 
ecules is limited along the direction of flow. 


two-phased flow — A mixed flow consisting of both 
gas and tiny condensed phase (i.e., solid or liquid) 
particles. Two-phase flow occurs in a rocket motor 
when some of the reaction products condense above the 
temperature of the exhaust. For example, a propellant 
containing aluminum will have solid aluminum oxide 
particles in its exhaust. Similarly, a Black Powder 
rocket will have some liquid droplets in its exhaust. 


FLSC — Abbreviation for flexible linear shaped charge 
FLUID — A state of matter (i.e., liquid, gas or plasma) 


that continues to deform, indefinitely, in response to 
a shear stress. It has no determinate shape and its 
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molecules are free to flow, which enables it to readily 
assume the shape of its container. 


FLUID VISCOSITY — The resistance of a fluid to flow 


under the application of a force (i.e., shear stress). In 
common usage, a fluid with a high viscosity(such as 
molasses) is described as being thick while a fluid 
with a low viscosity (such as methanol) is described 
as being thin. All fluids possess viscosity; this in- 
cludes gases, with hydrogen having a much lower 
viscosity than air. The unit of viscosity is the poise. 


In pyrotechnics: The relatively high viscosity of a 
binder solution can be an important aid in maintain- 
ing a suspension of the components of a pyrotechnic 
mixture when slurry priming or making black match. 


kinematic viscosity — The ratio of the viscosity to 
the density of the fluid; the unit of kinematic viscosity 
is the stokes. (This is not a plural; the unit is named 
after Irish physicist George Gabriel Stokes (1819- 
1903).) 


FLUON™ — See polytetra-fluoroethylene. 


FLUORESCENCE — The emission of photons following 


the absorption of photons of the same or higher energy 
(1.e., of the same or shorter wavelength) from another 
source. Fluorescence is named after the mineral 
fluorite that often exhibits fluorescence. 


X-ray fluorescence spectroscopy is a useful tool in 
identifying the chemical elements present in a sample, 
such as a pyrotechnic composition. 


FLUOROFLEX — See polytetra-fluoroethylene. 


FLUTTER — (Also buffeting) — Vibration of a compo- 


nent of a rocket caused by the airflow past that com- 
ponent. The term typically refers to vibration of fins, 
wings and their control surfaces. If flutter is sustained 
long enough, it may cause the failure of the struc- 
ture(s) involved. Designers try to use shapes and ma- 
terials that avoid creating this problem. Fillets, tapering 
of thickness and maximizing the aspect ratio (average 
chord-to-fin span) are design methods used to mini- 
mize or eliminate flutter. 


FLYING-FISH FUSE — A fuse-like product containing a 


special magnalium-trailing color composition instead 
of Black Powder. When ignited as part ofthe display of 
an aerial shell or rocket heading, the lengths of flying- 
fish fuse jet around in the air in a random fashion, of- 
ten leaving a trail of sparks. Flying-fish fuse comes in 
two basic varieties. One type is similar in appearance 
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to the twisted-paper fuse (also described as Chinese 
tissue-paper fuse). 


The other type is a spun fuse similar to visco fuse. 
Four varieties of this second type are shown in the 
photograph below (red, green, yellow and silver). 
Other varieties produce gold and crackle effects. This 
type of flying-fish fuse is approximately 0.08 inch (2 
mm) in diameter and burns at a rate of approximately 
0.4 inch/second (10 mm/s). 


Short lengths, typically 1 to 2 inches (25 to 50 mm), 
of this fuse-like product are used in consumer fire- 
work shells and rocket headings. To help ensure their 
ignition, one end of each piece of flying-fish fuse is 
coated with prime. Because of their relatively small 
size, many cut pieces of fuse can be put into a small 
space, and the effect in the air can be quite striking. 
(Contrast with falling leaves fuse.) 


FLYING PIGEON — See firework rocket type, basic 
(line rocket). 


FLYING-PLATE DETONATOR -— See detonator. 
FLYING SQUIB — See chaser. 
FLYING SAUCER and FLYING WHEEL — See girandola. 


FLYROCK - The fragments of rock thrown from a 
blasting site by the force of the explosion and poten- 
tially posing a substantial hazard. 


FOAM AERIAL SHELL CASING — See shell casing, 
aerial. 


FOAM EXPLOSIVE — (Also Lexfoam™) — A portable, 
two-component system primarily designed for the 
field neutralization (i.e., destruction) of explosive de- 
vices by civilian bomb technicians and military ord- 
nance disposal technicians. 


The delivery device typically consists of a container 
(i.e., hand-held can or backpack tank) of a nitrome- 
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thane-based solution with a pressurizing hydrocarbon 
propellant, which is normally injected immediately 
prior to use. When the nitromethane solution is sprayed 
onto the target, the liquid propellant immediately turns 
to gas, producing thick foam (resembling shaving 
foam). The foam is in immediate contact with the ex- 
ternal surface of the target and readily penetrates all 
its nooks and crannies. This potentially offers a more 
efficient alternative to the use of solid explosives. 


The liquid contents of the aerosol can or tank are not 
classified as an explosive, which renders the system 
safe to store, handle and transport, but the foam pro- 
duced exhibits high-explosive properties by virtue of 
the tiny gas bubbles that form. These tiny bubbles 
sensitize the nitromethane to shock initiation (usually 
provided by a number 8 detonator) through adiabatic 
heating (i.e., compression) and resulting hot spot 
formation. 


FN — Abbreviation for Fireworks News. 


F oF I — Abbreviation for figure of insensitiveness. 
See impact sensitiveness test. 


FOG - A suspension of liquid droplets in the air (i.e., 
an aerosol). As a special effect, the production of fog 
is described as either a fog effect or a haze effect de- 
pending on the size and concentration of the droplets. 
Fog and haze effects are commonly incorrectly de- 
scribed as smoke effects 


FOG DISPERSION — See cloud seeding. 


FOG DISTRIBUTION EQUIPMENT — In some venues, 
it may be necessary to place the fog machine in a lo- 
cation remote from where the fog effect is needed. In 
other instances, fog may be required selectively in a 
variety of locations at different times. In either case, 
it may be necessary to use some type of fog distribu- 
tion system. 


For simple effects, a large diameter pipe manifold with 
multiple distribution taps may be sufficient. For more 
complex effects, such as when the fog effect needs to 
appear in various locations at different times, a more 
elaborate system is required. One example of how 
this might be accomplished is shown below, where 
pneumatic cylinders (A) on a large manifold operate a 
series of spade valves (B) to control the flow of the 
fog from four output ports. Also, shown are the con- 
trol lines for the pneumatic cylinders (C), which in- 
clude electronic system status indication. The piping 
to and from the manifold is not shown. 
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Photo Credit: Larry Schoeneman 


FOG EFFECT — (Also fog) — The special effect produc- 
ing a suspension (i.e., an aerosol) of liquid droplets 
dispersed in the air. Most commonly this is produced 
by the temporary vaporization and subsequent con- 
densation of a liquid substance (1.e., a fog liquid). Al- 
ternatively, the aerosol may be produced directly with 
an atomizing nozzle or by cryogenically condensing 
moisture already present in the air. Fog effects are al- 
so produced by a combination of the above methods. 
(Fog or haze effects are commonly incorrectly de- 
scribed as smoke effects.) 


A sub-classification of fog effects are haze effects, 
which are principally differentiated from fog effects by 
the size and concentration of the liquid droplets pro- 
duced. Haze effects are produced as a suspension of 
extremely small liquid droplets that are essentially in- 
visible until strong light is used to create a beam effect. 


Fog effects are produced in many ways and with a 
variety of materials, most are described below. 


Low water-content fogs: In essence, this process of 
producing a fog effect (using a low water-content fog 
liquid) is shown below as a laboratory demonstration. 


A small container, with a tiny amount of fog liquid, is 
being heated in the laboratory with a Bunsen burner 
flame. As a result, the liquid boils (i.e., is vaporized) 
and the vapor is expelled through a small orifice to- 
ward the upper left. At first, after being expelled, the 
vapor has not yet condensed and is invisible for a 
short distance from the orifice (yellow arrow). Then, 
upon cooling, the vapor condenses into a dense fog of 
tiny liquid droplets. 
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Commonly, fog effects are produced using a fog ma- 
chine that automates the process by using an electric 
heater to vaporize the fog liquid. An example of a 
small, inexpensive fog machine is shown operating 
below. 


One advantage to this type of fog effect is its relatively 
long persistence. For the commonly used low water- 
content fog liquids, consideration must be given to 
the health effects and the flammability of the fog ef- 
fect being produced. The flammability of what had 
been a dense cloud of the fog produced with a common 
fog liquid is shown below. In this case, the flame (in- 
dicated by the red arrow) has replaced the jet of dense 
fog of the previous laboratory demonstration. 


High water-content fogs: Other fog effects are pro- 
duced by simply condensing water vapor present in 
the air or that has been augmented in some manner. 
One way that this can be accomplished is simply to 
lower a chunk of solid carbon dioxide (i.e., dry ice) 
into hot water. This laboratory demonstration is 
shown below, before (left) and after (right) the addi- 
tion of dry ice to the beaker. 


Bhd 


Jets of liquid carbon dioxide (or liquid nitrogen) can 
be sprayed into the air to condense the water vapor 
already present. This method may be augmented by 
being coupled to a standard fog machine using a high 
water-content fog liquid to produce fog in a greater 
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and more sustained amount. An example of this type 
of fog effect is shown below, and the appliance for its 
production is described in the fog machine (combina- 
tion fog machine) entry. 


Photo Credit: Rick Fleming, Sigma Services 


High water-content fogs have the advantage of sub- 
stantially reducing the potential adverse health effects 
associated with the use of low water-content fog liq- 
ulds. If excessive amounts of carbon dioxide or nitro- 
gen are released into an area (especially a confined 
area), there is a possibility of anoxia or potentially 
even asphyxiation. One disadvantage of chilled-air, 
water-based fogs is that the fog tends to cling to the 
ground or stage surface, as shown above. 


Oil-based fogs: Oil-based fogs are produced by sub- 
stantially the same methods as low water-content 
fogs. The advantages of oil-based fog effects are that 
they persist for extended times after their production, 
they can easily be produced in large quantity, and 
they are relatively inexpensive to produce. 


For health reasons, oil-based fogs are no longer used 
in locations where persons will be exposed to breath- 
ing the fog, but some haze effects are still produced 
with mineral oil. Oil-based fog and haze effects are 
commonly used in low-humidity areas of the country, 
where the persistence of high water-content aerosols 
is low. There are circumstances where there is no 
practical alternative to the use of oil-based fogs, pro- 
vided there is effectively no human exposure. 


One recent example of the use of an oil-based fog ef- 
fect for a motion picture production was in the simu- 
lation of a massive fog bank some distance from an 
inhabited coastline. In this case, the fog effect was of 
minimal importance from the standpoint of the story 
but was needed to block the camera’s view of the 
buildings and other structures on shore. 


Direct atomization fogs: These fog effects are com- 
monly produced using either water or a fog liquid fed 
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under high pressure to atomizing nozzles. An example 
of an atomized water fog is shown below. 


FOG EFFECT CHEMICAL — A chemical used in various 


types of fog production for which there are standards 
promulgated by the Entertainment Services & Tech- 
nology Services Association (ESTA). Most of these 
are presented in the table below. 


Chemical Name CAS number 


Also, monopropylene glycol or 1,2-propanediol. 
CAS numbers 25265-71-8, 110-98-5 and 108-61-2. 
CAS number 31923-86-1. 

Also, glycerol or 1,2,3-propanetriol. 


In addition, ESTA has fog-use standards for water, 
argon gas, both gaseous and liquefied nitrogen, oxy- 
gen and carbon dioxide. 


FOG EFFECT SAFETY AND HEALTH ISSUES — Fogs 


have a range of potential adverse health and safety ef- 
fects. 


All types of fog effects become a safety hazard when 
present in concentrations sufficient to seriously inter- 
fere with the vision of the exposed persons. 


Some studies of performers indicate that exposure to 
high levels of the glycol, glycerin and oil fogs can 
cause throat and upper respiratory irritation. This is in 
addition to exacerbating any pre-existing respiratory 
conditions such as asthma and allergies. Some per- 
formers have reported health effects even at very low 
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levels of exposure. Based on industrial exposure 
studies, oil fogs at high concentration are known to 
cause lipoid pneumonia. Glycols, glycerin and oil all 
produce dangerous byproducts when heated to tem- 
peratures at which they decompose. 


For fogs based on glycols, glycerin and oil, consider- 
ation should be given to their potential for being 
flammable when present in sufficient concentration. 


Cryogenically produced fogs have only been reported 
to cause health effects when the gas released accumu- 
lates in concentrations high enough to reduce the 
amount of oxygen in the air such as near the stage 
floor or in an orchestra pit. 


Keeping fog chemical concentrations below the air 
quality limits established by the Entertainment Ser- 
vices & Technology Services Association (ESTA) 
should prevent most health effects. It should be con- 
sidered that, since the ESTA limits are set for healthy 
adults from ages 18 to 64, children and other high- 
risk individuals may not be adequately protected by 
these limits. 


FOGGER — See fog machine. 


FOG LIQUID — (Also fog juice) — A mixture commonly 
used to produce one type of fog as a special effect. 
Fog effect chemicals commonly include several low 
molecular-weight polyhydric alcohols and water. One 
early formulation for a relatively low-water content 
fog liquid is presented below but may not be repre- 
sentative of fog liquids in current use. 


Ingredient Parts by Weight 


a) Unlike ethylene glycol, which is toxic by ingestion, 1,2- 
propanediol (i.e., propylene glycol) is non-toxic by in- 
gestion, but its hazards by inhalation have not been 
well-studied. 

b) In more recent formulations, the glycerol (i.e., glycerin) 
may be omitted because of concerns that upon heating 
it may decompose into compounds that that are haz- 
ardous to health. 

c) The amount of water is often substantially increased 
when used in a fog machine coupled to an air chiller us- 
ing a spray of liquid carbon dioxide or liquid nitrogen. 


The fog effect is usually produced by a fog machine 
that temporarily vaporizes the fog liquid. After the 
vapor is expelled, it condenses into the visible air- 
borne fog (i.e., an aerosol). 


Page 550 


Safety Note: For the most commonly used fog liquids, 
those with low water-content, consideration must be 
given to potential adverse health effects and the 
flammability of the fog effect being produced. See 
fog effect and fog effect safety and health issues. 


FOG LIQUID MACHINE — See fog machine (chemical fog 


machine). 


FOG MACHINE - (Also fogger) — A non-pyrotechnic 


device commonly used to produce a fog effect. Fog 
machines can be classified (as discussed below) ac- 
cording to how they operate. For each fog effect ap- 
plication, the type of fog machine to be used needs be 
evaluated for safety, visual effectiveness and cost. 


chemical fog machine — This type of unit is used 
with a fog liquid, primarily consisting of a variety of 
low molecular-weight polyhydric alcohols and water. 
The fog liquid is heated, causing its vaporization, and 
is then expelled under modest pressure through a 
small orifice. Upon expanding and mixing with air, 
the vapor cools and condenses to produce a dense, 
low water-content fog (i.e., an aerosol). An example 
of a small, inexpensive chemical fog machine is 
shown below in two views. The fog liquid reservoir 
(A) is located near the rear of the machine. The cylin- 
drical protrusion in the center of the front of the unit 
(B) is where the fog effect emanates. 


WARNING 
ATTEN’ 


In a reasonably well-designed chemical fog machine, 
the temperature of the heater is carefully controlled. 
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This is important to provide a dense fog effect with- 
out over-heating the vapor to such an extent that it 
thermally decomposes, potentially producing chemi- 
cal compounds that are hazardous to health. Only fluids 
specified by the machine’s manufacturer should be 
used so that fog machine’s operating temperature and 
fluid’s boiling point are consistent. 


Safety Note: Consideration must be given to the 
health effects and flammability of the fog effect pro- 
duced by a fogger using low water-content fog liquid. 
See fog effect and fog effect safety and health issues. 


mechanical fog machine — There are two basic 
types of mechanical fog machines: those with an ul- 
trasonic transducer and those with an impingement 
nozzle (also described as a misting or fog nozzle). 


An ultrasonic fogger includes an array of transducers 
operating in a shallow bath of water that is doped 
with a fog liquid. The water is essentially vibrated to 
the point of overcoming surface tension, which facili- 
tates its rise into the air as tiny droplets. These fog ef- 
fects are small in scale and the ultrasonic technology 
is not commonly used commercially. 


One type of fog nozzle, described as an impingement 
nozzle, operates at high pressure to produce an aero- 
sol of water droplets. One way this can be accom- 
plished is by directing a narrow jet of water directly 
against a metal point and reflecting surface, which in 
combination mechanically breaks the water into tiny 
droplets. A high percentage of droplets with diameters 
less than 50 um can be produced. Careful adjustment 
of the water pressure and physical parameters, such 
as orifice size, provides control over droplet size and 
the nature of the fog effect being produced. 


cryogenic fog machine — In this device the ex- 
treme cold of a cryogen creates an aerosol (i.e., fog) 
composed of droplets of water (and/or another liquid) 
in some carrying gas. A cryogen is a condensed ma- 
terial with temperatures below approximately —150 °C, 
—238 °F. When producing fog effects, the term usual- 
ly refers to solid or liquid carbon dioxide (i.e., dry-ice 
or LCOz2) or liquid nitrogen (LN2). 


Carbon dioxide is toxic when present in sufficiently 
high concentrations, and, in the US, its use is gov- 
erned by OSHA regulations. While nitrogen is nei- 
ther toxic nor bio-active, OSHA requires that an envi- 
ronment’s breathable oxygen concentration be main- 
tained at or above 19.5% to prevent an oxygen defi- 
ciency hazard (ODH). 


Dry fog machine: Most dry-ice fog machines consist 
of a container (i.e., tank) of water maintained at an 
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elevated temperature and a basket of dry ice chunks 
or pellets that can be lowered into the hot water bath. 
This can be an impressive effect and can be simply 
achieved. Another approach is to create a reservoir of 
hot water that is sprayed on a block of dry ice held 
within the fog machine. 


The low-lying fog that is produced is relatively long- 
lasting because it has relatively large-size droplets; 
this can result in water collecting on stage (a slip- 
hazard and, potentially, an electrical hazard). Addi- 
tional considerations for its use include carbon diox- 
ide toxicity, the difficulty of a heater’s ability to 
maintain the water temperature, and fog tank corro- 
sion due to the increasing acidity of water in the tank. 


Burst effect: Liquid carbon dioxide (LCOz) can be 
used to produce what may be referred to as a burst ef- 
fect. For this effect, LCOz is sprayed directly into the 
air. Ambient air 1s entrained (i.e., dragged along) with 
the spraying liquid and is rapidly chilled to below its 
dew point. The excess water vapor is thus removed 
from the air by condensation in the form of tiny water 
droplets (i.e., fog). 


These effects are dependent on the presence of suffi- 
cient moisture in the air and are quite noisy, because 
of the high-pressure flow of LCO: through the nozzle. 
Because of the sound produced, a burst effect is usu- 
ally used only in club or concert applications with 
high ambient sound levels. For safety, it is necessary 
to prevent people from coming into direct contact 
with the sprayed cryogen. Also, because a burst ef- 
fect uses more cryogen than other methods to create 
its fog effect, it is necessary to consider the possibil- 
ity of gas toxicity. 


Liquid nitrogen (LN2) can also be used for to produce 
a burst effect. While LN2 has the advantage over 
LCO) of its being non-toxic, it is difficult to deliver it 
to the spray nozzles while still in a liquid state. Car- 
bon dioxide under pressure will readily remain liquid 
at room temperature, whereas LN2 needs to be main- 
tained at cryogenic temperatures to remain liquid. 


Liquid nitrogen fog machines: Because nitrogen is not 
available as a solid, liquid nitrogen (LN2) fog ma- 


chines are significantly different from their dry ice 
equivalents. Currently, there are two methods of op- 
eration for LN2 machines; these can be described as a 
tank system and a spray system. 


A tank system consists of a tank partially filled with 
hot water, which is held at a temperature only a little 
below the boiling point of water by one or more heating 
elements. The space above the level of the water con- 
tains very humid air. A spray of LN2 is directed into 
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this space, which drives the hot humid air to below 
the dew point and creates a dense fog. The large vol- 
ume increase resulting from the phase change of liq- 
uid to gaseous nitrogen drives the fog from the ma- 
chine without the need for a fan. 


An example of a large capacity LN2 fog machine of 
the tank type is shown below. 


Photo Credit: Larry Schoeneman 


The large stainless-steel water tank (A) is covered 
with insulation to protect technicians from the tank’s 
hot surface. The extremely cold LN2 control solenoid 
and flow control mechanism are similarly protected 
by a covering (B) of similar soft insulation. There are 
two fog exit ports (C) on this machine (only one can 
be seen in the photograph). The operating control 
panel (D) is accessible on the end of the unit. 


Spray systems operate using crossing sprays of hot 
water and LN2, which brings the LN: into direct con- 
tact with the hot water spray. Again, the large in- 
crease in volume from the phase change of liquid to 
gaseous nitrogen forces fog from the machine with- 
out the need for a fan. Unfortunately, these spray sys- 
tems are significantly less efficient in their use of 
LN2 and can create mounds of granular ice settling 
below the point at which the two liquid sprays cross. 


Both approaches i.e., (tank and spray machines) de- 
posit less water on the stage floor than cryogenic dry 
fog machines. Consideration must still be given to the 
potential of creating an oxygen deficiency hazard 
with these machines. 


combination fog machine — A unit combining el- 
ements of both a chemical fog machine and a cryo- 
genic fog machine. An example of an appliance used 
to produce copious amounts of chilled air of interme- 
diate water content fog is shown below (two views). 
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Photo Credit: Rick Fleming, Sigma Services 


In the photographs: A is a commercial fog machine; B 
is the controller for the fog appliance that can be re- 
moved using an extension cable for remote operation; 
C is a bottle of fog liquid that will be inserted into the 
unit and connected to the unit’s feed lines D; E is the 
unit’s power cord; F is the liquid carbon dioxide 
hose; and G is where the fog exits the appliance. 


FOG SYSTEM — The combination of fog generation 


appliances (i.e., fog machines), fog distribution 
equipment and the electronics for their control and 
status monitoring. As atmospheric effects become 
more complex and are more fully integrated into in- 
tricate show timing, fog systems are becoming in- 
creasingly complex. 


FOOD CALORIE — See calorie. 


FOOD CAN, SELF-HEATING — See self-heating food 


can. 


FOOT — (Symbol: ' or ft) — An English unit of length 


(with the plural being feet). The foot is defined as 1/3 
of a yard, and since a yard is defined as 0.9144 m, the 
foot becomes 0.3048 m. 
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Multiply ©) 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


FOOT CANDLE — (Symbol: fc or ft-c) — A non-SI unit 
of illuminance, still widely used in photography. A 
foot candle is that illumination of a one square foot 
surface area upon which there is a uniformly distrib- 
uted luminous flux of one lumen. Thus, a foot candle 
equals a lumen per square foot (i.e., 1 fe = 1 Im/ft’), 
which corresponds to approximately 10 lux. 


FOOT-POUND (force) — (Symbol: ft-Ibf) — An English 
unit for energy or work. It is the work done (1.e., en- 
ergy expended) when a constant force of one pound 
(bf) is exerted on a body that moves a distance of one 
foot along the axis of the force. A foot-pound (force) 
should not be confused with the pound-force, which 
is a force unit, or with the pound-foot, which is a unit 
associated with torque or bending moment. 


Multiply ® To Obtain 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


B) BTU = British thermal unit. 


FOOT-POUND-SECOND SYSTEM — (Abbreviated FPS 
system) — (Also imperial system of measurement) — 
The FPS system of units is an English unit system 
that is based on the foot as its unit of length, the 
pound as its unit of mass, and the second as its unit of 
time. Essentially the only country still using this sys- 
tem is the US, and; even there, almost all science is 
conducted in SI units. (See unit, base SI; unit, de- 
rived SI and unit, SI supplementary.) 


FORBIDDEN EXPLOSIVE — (Also not acceptable ex- 
plosive) — An explosive that is forbidden by the US 
Department of Transportation to be offered for trans- 
portation. This includes any explosive not formally 
approved for transportation or not having been grant- 
ed an EX number. Additionally, there are a number 
of specifically forbidden explosives, such as: an ex- 
plosive mixture or device containing a chlorate and 
an acidic substance, fireworks that combine an explo- 
sive and a detonator, and fireworks containing white 
(also described as yellow) phosphorus. 
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FORCE (physics) — The vector quantity (F) that, when 


acting on an object possessing a mass (m), produces 
the acceleration (a) of the object. This is expressed in 
Newton’s second law of motion. 


F=m-a 


FORCE AND SPARK COMPOSITION — A pyrotechnic 


composition typically used to charge wheel drivers and 
other firework devices such as rockets, hummers, tour- 
billions and serpents. Often these compositions are the 
same as, or like, those used to make forceful gerbs. 
(See fountain and gerb composition.) Usually these 
compositions are modified Black Powder (that may 
include some commercial meal powder) and a per- 
centage of coarse charcoal, iron, steel, aluminum or 
titanium to generate sparks that persist briefly in the air. 


FORCE CONSTANT (propellant) — (Symbol: F) — The 


work capacity of a propellant, usually a gun propel- 
lant. It can be calculated or determined experimentally 
by a closed bomb test. 


FORCED IGNITION — See ignition, piloted. 


FORCE GAUGE — An instrument that provides a means to 


measure an imparted force. Simple examples of force 
gauges are shown below. In each case, the measured 
force is gauged by acting against a calibrated spring, 
where the strength of the spring determines the sensi- 
tiveness and range of the instrument. The maximum 
force measurement for these three instruments is 0.5, 
5 and 20 N (0.11, 1.1 and 4.4 pounds), respectively. 
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A convenient way to measure the applied force of a 
press when compacting a pyrotechnic composition, 
such as in a Black Powder rocket, is shown below. 
The force gauge (left) and the gauge with a rocket 
spindle placed on it (right) are shown below. 


In this case, the force gauge consists of a very short 
hydraulic cylinder having a piston diameter of 1.128 
inches (29.7 mm) such that its cross-sectional area is | 
square inch. Accordingly, the hydraulic pressure pro- 
duced internally, in pounds per square inch (psi), is 
numerically equal to the force, in pounds, being ap- 
plied to the unit and can be read directly with a simple 
pressure gauge. 


When the active recording of force is needed, or 
when the force is rapidly changing, typically, a force 
transducer is used. 


FORCE TRANSDUCER — An instrument that produces 
an output (typically electrical) resulting from (and 
usually proportional to) an imparted force. Some sim- 
ple force gauges may qualify as an example of a force 
transducer. In various applications, such gauges suffer 
from two deficiencies, they typically do not provide a 
ready means to produce a record of the forces experi- 
enced, and they have a relatively slow response time. 


These deficiencies are crucial for many applications 
in pyrotechnics. For example, two force profiles 
(force vs. time) of the impact force delivered to an 
unshrouded electric match tip when an aerial shell is 
dropped onto a firm surface (e.g., the paper casing of 
another spherical aerial shell) in the area of the match 
tip are shown farther below. 


In the upper case, the electric match had been inserted 
into the shell’s quick match shell leader, and conse- 
quently it was protected only by the thin paper match 
pipe. In contrast, in the lower case, the bare electric 
match tip has been inserted into the lift charge of the 
shell, which provided much more protection. This 
impact event occurred over a time span of only a few 
milliseconds, and the electric match in the shell lead- 
er was subjected to an impact force approximately 8 
times greater than the one in the lift charge. 
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200 Shell Leader 


Impact Force (Ibf) 


Time (ms) 


For a short duration event, it is necessary to produce 
numerically recorded results from an instrument with 
a fast response time. Piezoelectric transducers for force 
(and pressure) are well suited for such applications. 
Two views of the type of force transducer used to 
record the above force profiles (one view is rotated 
90° from the other) are shown below. The numerical 
data were recorded with a digital oscilloscope. 


For this type of force transducer, the force is sensed 
by a compression, as suggested by the pair of red ar- 
rows. Alternatively, for many transducers, a tension 
can also be sensed in a direction opposite to the ar- 
rows. The electrical connections are on the ends of the 
gauges extending to the left. Although transducers of 
this type appear identical externally, they can have 
widely differing ranges; for example, the transducer on 
the left is for a maximum of 100 pounds (45 N); the one 
on the right is fora maximum of 5000 pounds (2,300 N). 


FORMALDEHYDE — [CH20] — {CAS 50-00-0} — (Also 


methanal, formol, methyl aldehyde, methylene oxide 
or oxymethylene) 


Formaldehyde is used in the manufacture of a range of 
synthetic resins. Some of these resins (phenolic resins) 
are used to make thermosetting, heat-resistant plastics 
(useful for rocket motor casings among other things). 
Many of these resins, in powder form, also perform 
well as pyrotechnic fuels. Formaldehyde is a readily 
polymerizable gas, boiling at — 19 °C). It is very sol- 
uble in water; the solution is available commercially 
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under the name ‘formalin’. Formaldehyde is extremely 
toxic. It has a characteristic, unpleasant, acrid odor. 


Structural formula: 


Health information: TLV-C: 0.3 parts per million. 
Formaldehyde causes irritation to the skin, eyes and 
respiratory tract. Aqueous solutions of formaldehyde 
may cause blindness or death; IARC-1: carcinogic. 


UN hazard classification: PSN: formaldehyde, solu- 
tions, flammable; HC: 3 — flammable liquid (UN1198). 


FORMAL NAME (chemical) — See chemical name, in- 
organic and chemical name, organic. 


FORM COEFFICIENT — A factor used in a form function 
to describe the ratio of the burning surface of a pro- 
pellant grain to the fraction burned. 


FORM DRAG — See drag force (pressure drag). 


FORM FUNCTION — The mathematical function that 
describes how the surface area of a propellant grain 
of a particular shape changes over the course of its 
combustion. 


FORMULA — This may refer to several different terms: 
chemical formula: See chemical formula. 
empirical formula: See chemical formula. 


formula: A synonym for recipe. There can be con- 
fusion between a chemical formula meaning the recipe 
for combining chemicals to make a pyrotechnic com- 
position, and a chemical formula meaning the type 
and number of atoms in a chemical compound. Thus, 
it is becoming somewhat common for pyrotechnic 
recipes to be described as chemical or pyrotechnic 
formulations, even though this is not strictly correct 
grammatically. 


mathematical formula: A presentation of the pre- 
cise numerical relationship between entities or varia- 
bles, using symbols to represent those entities or var- 
iables. Physical relationships can also be expressed as 
a mathematical formula, for example, the distance (S$) 
traveled by an object moving at a constant velocity is 
the product of its velocity (v) and the time (f) of its 
travel. This relationship is expressed by the mathe- 
matical formula: 


S=v-t 


molecular formula: See chemical formula. 
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structural formula: See chemical formula. 


FORMULATION -— See chemical formulation. 


FORMULA WEIGHT — (Also gram formula weight) — The 


sum of atomic weights of the atoms in a chemical 
formula. For example, many chemical compounds 
used in pyrotechnics fall in the general category of 
salts. Salts exist as ions in a repeating three- 
dimensional crystalline array, such that it is essentially 
impossible to say where one molecule ends, and an- 
other begins. Accordingly, salts are described by 
chemical formulas that express the ratio of the com- 
ponent parts (i.e., ions). The chemical formulas for 
the salts potassium nitrate and barium nitrate are: 


KNO; and Ba(NO3)2 


This indicates that the ratio of potassium [K’] and ni- 
trate [NO3 ] ions is 1:1, and the ratio of barium [Ba’’] 
and nitrate ions is 1:2. The formula weight is deter- 
mined by simply adding the atomic weights of the at- 
oms in the formula. For example, the formula weight 
for potassium nitrate (to one decimal place) is: 


39.1 + 14.0 + (16.0x3) = 101.1 


One mole of any salt has a mass equal to its formula 
weight in grams (sometimes referred to as its gram 
formula weight). Accordingly, one mole of potassium 
nitrate weighs 101.1 grams. (See molecular weight.) 


FOUNTAIN (fireworks) — A firework device that pro- 


duces a spray of sparks (as illustrated below) with or 
without an intended audible effect (e.g., whistling). 


The spray of sparks from a fountain can have varying 
appearances depending on the duration of burning 
sparks and the forcefulness of their expulsion. It is 
common for a consumer firework fountain to produce 
a spray of sparks that has many sparks falling to the 
ground before they burn out, similar to the above il- 
lustration (left). The visual display of such fountains 
can be improved considerably by raising the device 
some distance above the ground. Fountains used in 
firework displays (and theatrical gerbs) tend to have a 
more forceful spray of sparks and/or shorter duration 
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sparks, often appearing more like the illustration 
above (right) and as shown below. 


Consumer firework fountains typically produce sparks 
reaching roughly 5 feet (1.5 m) and rarely reaching 
10 feet (3 m). In contrast, display firework fountains 
can produce sprays of sparks reaching 20 feet (6 m) 
or more, and some specially made fountains produce 
sparks reaching 40 to 60 feet (12 to 18 m). 


Typical construction: The basic construction features 
of a fountain are illustrated below in cross section. 


Ignition Fuse 
Clay Plug 
with Choke Prime Layer 
Spark — Paper Casing 
Producing (Tube) 
Composition 
Clay Plug 


«<— Wooden 
or Plastic Base 


A consumer firework fountain often has a wooden, 
plastic or chipboard base (as illustrated) to hold it in 
position and the device is usually placed on the 
ground. 


The fountain composition is commonly consolidated in 
its case with the aid ofa hydraulic or mechanical press. 
This has almost completely replaced hand ramming 
with a mallet, which was usually used in the past. If 
only minimal consolidation is needed, the funnel and 
rod method may be used for fountains of small diam- 
eter. To facilitate compaction of the fountain compo- 
sition, a small percentage of water or oil may be add- 
ed to the composition in preparation for ramming. 
This also greatly reduces the amount of dust produced 
when compacting the composition. If water has been 
used, the composition will dry sufficiently, during 
storage and transportation. If the composition or spark- 
producing material (e.g., cast iron) is moisture sensi- 
tive, oil must be used instead of water. 
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Many fountain compositions are sufficiently easy to 
ignite with a fuse alone. In those cases, especially for 
consumer firework fountains, it is common for the 
device not to have a prime layer. 


Most fountains are provided with a choke to increase 
the height of the sparks emitted. The choke is com- 
monly formed from clay, with the use of a cylindrical 
rammer with an axial hole that fits over a short spindle 
that is mounted on a substantial base. The opening of 
the choke is usually about 1/3 of the inside diameter 
of the paper casing (tube). 


To increase the forcefulness and density of the spray 
of sparks being produced, the fountain can be made 
with acore extending a portion (or all) of the way into 
the fountain composition (illustrated below in cross 
section). 


Ignition Fuse 


Clay Plug 


with Choke Prime Layer 


Spark Core 

Producing 

Composition Paper Casing 
(Tube) 

Clay Plug 


«— Wooden 
or Plastic Base 


The increased performance is a result of the increase 
in burning surface area, which produces both more 
spark particles and more gas to expel them. Increas- 
ing the depth of the central core into the composition 
further increases the amount of burning surface and 
the forcefulness and density of the spray of sparks; the 
fountain casing must be sufficiently strong to with- 
stand the greater internal pressure. Naturally, the burn 
time of the fountain will be correspondingly reduced. 


The core in a fountain is 


produced by using a Rammer 
short rocket-like spindle 

when compacting the Fountain 
clay choke and initial in- Caain 
crements of fountain g 
composition (illustrated Spindle 

at the right in cross sec- ; 
tion). In this case, the Fountain - 
rammer has an axial hole Composition 
to accommodate the Clay Choke 


core- forming spindle. 
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Some fountains are manufactured without a choke or 
with a larger than normal choke. This may be neces- 
sary for fountains producing spark effects that are not 
easily ejected through a choke, for example, glitter 
and microstar fountains. The choke may also be elim- 
inated for compositions that are fiercely burning (es- 
pecially if there is a potential for their exploding), 
such as those used in whistling fountains. 


Traditionally, many fountains contained a final in- 
crement of more forceful composition that was the 
last composition to burn. This composition was often 
rich in meal or grain Black Powder and sometimes 
was pure meal or grain powder. When the fountain 
burned, this final increment caused a sudden upward 
rush of gas in the case. This ejected abundant spark- 
producing residues that remain adhered to the walls 
of the casing. The resulting sudden short and vigor- 
ous burst of sparks at the end of the display would 
sometimes project sparks to twice the height of the 
previous sparks. Such an effect was described as a 
bounce. Sometimes the casings were provided with a 
charge of grain powder sufficient to burst the case 
with a loud report. In that case, a setpiece made with 
such cases would end with a ‘feu de joie’ (French for 
‘fire of joy’, typically a gun salute). Today, it is rare 
for fountains to be manufactured with a bounce. 


Fountain vs. gerb differentiation: There are several 
points of view regarding how one should properly 


differentiate between a fountain and a gerb (see foun- 
tain vs. gerb differentiation). 


Fountain types: Fountains are classified and de- 
scribed based on some physical characteristic of their 
construction or performance. For example, cylindrical 
and cone fountains describe the shape of their casing; 
whistling and microstar fountains identify an aspect 
of the effect produced. (See fountain type.) 


Fountain composition: Commonly, fountain composi- 
tions consist of Black Powder-type mixtures that have 
been modified to produce sparks. Other types of com- 
positions, including whistle compositions and compo- 
site rocket-like compositions, have also been success- 
fully used. (See fountain and gerb composition.) 


Fountain malfunctions: Fountains are subject to sev- 
eral common modes of failure, not all of which pre- 
sent a safety concern. 


A somewhat common and potentially dangerous mal- 
function can occur when a crack develops in the body 
of the compacted fountain composition. Such a crack 
can result in a fountain exploding powerfully. This is 
because the crack acts as a fire path allowing too 
much composition to burn at once, which over stress- 
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es and bursts the fountain casing. If this happens with 
some aluminum-based compositions, the explosion 
can be especially violent. 


If a crack develops in the clay choke, or the choke is 
not sufficiently well attached to the casing of the 
fountain, it may be ejected by the pressure inside the 
fountain. When this occurs, the subsequent projection 
of sparks will be greatly diminished due to the loss of 
internal pressure. 


If the casing of the fountain is too thin or not other- 
wise properly made, it is possible to for it to burn 
through. If this happens, some of the combustion 
products and sparks will be discharged through the 
side of the fountain. 


Although not strictly a fountain malfunction, if a 
fountain becomes oriented in other than a vertical di- 
rection, and proper separation distances are not main- 
tained, the spray of sparks could be directed toward 
spectators or combustible materials. Also, if the foun- 
tain is especially fierce burning and becomes free of 
its support, it might jet about on the ground (or even 
in the air) with its fiery spray of sparks possibly com- 
ing into contact with people or combustible materials. 


Iron, even when it has been coated with a protectant, 
may eventually be oxidized to rust; in which case the 
intended iron spark effect will be lost. Also, if mois- 
ture is present in the fountain composition, it can 
cause a fountain to burn much more slowly, weaken- 
ing the extent of the spray of sparks. 


FOUNTAIN AND GERB COMPOSITION — Fountain and 


gerb formulations are similar. Indeed, there is no uni- 
versally accepted agreement as to exactly what the 
difference is between fountains and gerbs (see foun- 
tain and gerb differentiation). For the most part, the 
same types of spark-producing materials are used for 
both fountains and gerbs. The extent to which there is 
a difference is that gerb compositions may burn more 
fiercely and the spark-producing materials used in 
gerbs may be smaller in particle size. As an alterna- 
tive to gerb compositions burning more fiercely, the 
composition may be compacted with a central open 
core in the composition. This exposes a greater burn- 
ing surface area, which produces a greater amount of 
combustion gas to eject the spray of sparks more 
forcefully (not unlike the result achieved in core- 
burning rocket propellant grains). 


Fountain and gerb compositions commonly consist of 
mixtures similar to Black Powder that have been 
modified to produce sparks. These compositions in- 
clude spark-producing materials having a relatively 
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large particle size so that they persist after being 
ejected from the device. In the past, coarse cast iron 
with a coating of linseed oil (as a protectant against 
corrosion) was commonly used to produce distinctive 
branching sparks. Currently, titanium, ferrotitanium, 
magnalium, aluminum, ferroaluminum and coarse 
calcium silicide (all of which are more resistant to 
corrosion and produce brighter sparks) have mostly 
replaced the use of cast iron in commercially pro- 
duced devices. Cast iron, even when protected, has a 
shorter shelf life than the other now-common spark- 
producing components. 


A collection of Black Powder-based formulations is 
presented below (some include commercial meal pow- 
der to increase the ferocity of their burning). The prin- 
cipal difference in these formulations is the nature of 
the spark-producing materials. In formulations 1, 2, 3 
and 4 coarse charcoal, cast iron, steel or titanium is 
used as the spark ingredient, producing orange, yel- 
low-branching, yellow-weakly branching and white 
sparks, respectively. 


a) The metal is coated with a protectant. 
1 and 4) Hardt, 2001. 2) Kentish, 1905. 3) Common. 


Glitter fountains have inherent properties that limit 
the height to which they can project their glitter drop- 
lets. The glitter effect depends on the production of a 
viscous liquid (typically composed of complex poly- 
sulfides and aluminum). Relatively small droplets of 
this liquid must be dispersed in the air to produce the 
characteristic glitter flashes. If a glitter fountain is 
tightly choked, the viscous liquid eventually collects 
in excess in and around the choke hole, seriously re- 
stricting the exit of combustion gases. 


Solutions to the blockage problem include eliminat- 
ing the choke entirely or to make the choke larger 
than normal, at least one half the inside diameter of 
the fountain case. The problem with these solutions is 
that the glitter droplets will likely not be projected 
very high above the fountain. An alternative ap- 
proach is to add some Black Powder meal (or grain 
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powder) to the formulation, which will assist in keep- 
ing the internal pressure high to aid in dispersing the 
glitter droplets. Excessive pressure can, substantially 
reduce or even eliminate the glitter effect entirely. 
This is because the high-pressure, exiting gas may 
break the viscous liquid into droplets that are too 
small to react properly with the air; instead, the drop- 
lets simply cool without undergoing the glitter flash 
reaction. Yet another solution can be to provide a 
choke in which the inside surface is tapered and fun- 
nels the glitter droplets out through the choke opening. 


The formulations presented below are for glitter 
fountains and may be used in a non-choked case or a 
case with a large choke hole (one half the diameter of 
the case). Formulations 5 and 6 are for white glitter, 
and formulations 7 and 8 are for gold glitter. 


Formulation >| Parts by Weight 
Ingredient | (5) | (6) | (7) 


a) Atomized. 

b) A mixture of US Aluminum #808 and #913 in a ratio of 
7:2. 

c) lron(Il) sulfide can be manufactured by igniting a mix- 
ture of 7 parts iron or steel powder to 4 parts sulfur, al- 
lowing the reacted material to cool, breaking the mass 
apart as needed and then sifting out the fines for use. 


5 and 6) Winokur, 1978. 7) Hardt, 2001. 8) Davis, 1943. 


Some additional formulations are presented below. 
Formulation 9 produces white crackling sparks and is 
suggested for use in cone fountains. Formulation 10 
is unusual in that it produces white aluminum sparks 
and branching iron sparks without actually containing 
elemental iron (which would require the treatment of 
the iron with a protectant). The effect produced closely 
resembles the appearance of a true glitter. Formula- 
tion 11 is also unusual in that both coarse charcoal 
and coarse calcium silicide are included to produce a 
mixture of orange and yellow sparks. Formulations 
12 and 13 produce the classic flowerpot fountain pro- 
ducing a spur-fire effect. 


Encyclopedic Dictionary of Pyrotechnics 


Formulation > 
Ingredient | 


Parts by Weight 
(9) |(10)|(11)| (12) | (13) 


a) Mixed particle sizes, with at least 70% falling between 
80 and 200 mesh. 


9 and 10) Lancaster, 2006. 11 and 12) Hardt, 2001. 
Formulation 12 was rounded to nearest whole percent. 


13) Jones, 1766. 


Some additional formulations that use metals as their 
spark-producing materials are presented below. For- 
mulation 14 produces branching iron sparks, and for- 
mulation 15 is a modification producing a blue (i.e., 
natural gas-like) flame in addition to the sparks. For- 
mulation 16 produces bright, yellow, branching ferro- 
aluminum sparks. Formulation 17 is for a whistling 
fountain producing white titanium sparks. Formula- 
tion 18 produces an abundance of fine white alumi- 
num sparks. 


Formulation > 
Black Powder ®) —}—|65| —| — 
Ammonium perchlorate 


Hexamethylene- 
tetraamine 


Charcoal (air float) 


Copper(Il) carbonate 
hydroxide 


Aluminum (fine flake) © 


a) Hand-made meal powder. 
b) Alloy ratio 65:35, — 60 mesh. 
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c) A mixture of US Aluminum # 808, #809 and 813 in a ra- 
tio of 9:17:11. 


14) Westfall, 1997. 
16) Jennings-White, 1990. 
18) Hardt, 2001. 


15) Majdali, 2010. 
17) Common. 


Fountains can also be charged with compositions con- 
taining small granules of an appropriate pyrotechnic 
composition. Such a fountain can be described as a 
jeweled fountain or microstar fountain, depending on 
the nature of the star granules being used. Jeweled 
fountains may also be described as granule, chip or 
prismatic fountains, see fountain type. 


FOUNTAIN, JEWELED and FOUNTAIN, MICROSTAR 
— See fountain type. 


FOUNTAIN TYPE — The general properties and features 
of a firework fountain are described above as a sepa- 
rate entry. Information on some formulations for foun- 
tains is presented in the entry fountain and gerb com- 
position. Gerbs are like fountains; for distinctions be- 
tween the two, see fountain vs. gerb differentiation. 


Fountains can be classified and described according 
to some physical characteristic of their construction, 
as discussed below. 


base fountain — A consumer firework fountain pro- 
vided with a sturdy cardboard, wooden or plastic disk 
or plate, of substantially greater area than that of the 
fountain itself, firmly fixed to the bottom of the foun- 
tain. A base fountain is made ready for firing by plac- 
ing the base on a flat, horizontal surface so that the 
fountain stands vertical. Three relatively large exam- 
ples of such fountains are shown below. 


RES, 


EMITS SHOWERS 


. te 
CAUTION CAUTIO 
IWERS OF 


EulTS SHOWERS OFS 


The size of these fountains is often deceiving, as 
shown below. 
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In this example, what appears to be an impressively 
large fountain (2-inches (50-mm) OD by 6-inches 
(150-mm) tall) is actually nothing more than a holder 
for a much smaller fountain (0.7-inch (18-mm) OD 
and 3.5-inches (88-mm) tall). 


box fountain — A consumer firework consisting of 
as lightweight rectangular cardboard box containing 
at least one cylindrical fountain mounted ready for 
firing. The bottom of the box acts as the base to keep 
the fountain vertical while it burns. All the operator 
must do is place the box upright on a flat surface, 
open the top of the box and light the fuse. An example 
of a box fountain is shown below. 


CAUTIO 
EMITS SHOWERS OF SPARKS 
B USE ONLY UNDER CLOSE ADULT SUPERVISION. FOR 
OUTDOOR USE ONLY. PLACE ON LEVEL SURFACE 
D0 NOT HOLD IN HAND. LIGHT FUSE AND GET AWAY. 


The outer packaging of a box fountain is substantially 
larger than the fountain contained therein. In the ex- 
ample above, the box is approximately 2.2-inches 
(55-mm) square — much larger than needed for the 
small fountain that it contains. While a large box 
ought to provide good stability for the fountain, a 
weak and imperfectly constructed box (as often en- 
countered in practice) might well be less effective 
than a smaller, but more sturdily constructed, base. 
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cone fountain — (Also conic fountain or volcano) — 
A cone-shaped firework fountain. The conical cases 
for these fountains may be purpose-made but are often 
stout cardboard cones originally made for winding 
commercial quantities of yarn, thread or string. Some 
examples of consumer firework cone fountains are 
shown below. 


A traditional cone fountain is illustrated below in cross 
section. 


Pyrotechnic Composition 


Disk or 
Paper Plug 


Thread Cone 


Cone fountains range widely in size, from about 2 
inches (50 mm) to about 14 inches (350 mm) in height, 
with base diameters ranging from about | inch (25 mm) 
to 4 inches (100 mm), respectively. They are usually 
encountered as consumer fireworks, but larger exam- 
ples are occasionally used in firework displays. 


The opening at the top of the cone operates as a 
choke, thus increasing the height to which the sparks 
are expelled. As the fountain burns, the surface area 
of the burning composition increases, so that a well- 
made cone fountain begins with a rather modest 
spray of sparks that becomes progressively larger and 
more intense before it suddenly ends. In practice, the 
effect is often less dramatic because the tip of the 
cone tends to burn away, increasing the diameter of 
the orifice. This problem may be addressed by mak- 
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ing the tip of the cone more resistant to fire, such as 
by treating it with sodium silicate (i.e., water glass) 
or by providing a fireproof choke of clay or plaster, 
taking care that the orifice is sufficiently large to al- 
low the fountain to burn completely without explod- 
ing or bursting the end plug. 


A variation of the cone fountain, once 
popular as a consumer firework in the 
United Kingdom and elsewhere, was 
made with a relatively thin paper case 
that burned away as the composition 
burned. These fireworks (as shown at 
the right) were commonly called vol- 
canoes, and their performance was in- 
tended to simulate the eruption of a 
volcano. They were charged with a 
spark-producing composition — that 
generated red-hot molten dross in imi- 
tation of volcanic lava. 


Some consumer firework cone fountains are made in 
a completely different way, as is illustrated below in 
cross section. 
Clay 
Plug 
with 
Choke 


<— Fuse 


Paper Wrapper 
Pyrotechnic Composition 


Paper Casing (Tube) 


Clay Plug 


Thread Cone 


In such fountains, the cone only acts as a base for a 
conventional cylindrical fountain. It also gives the 
impression that the fountain is larger than it is. 


consumer firework fountain — Any fountain that 
meets the composition mass limits and labelling re- 
quirements of the regulations controlling consumer 
fireworks. Such regulations vary, depending on the 
jurisdiction. In the US, for example, in those locali- 
ties that permit the use of consumer firework foun- 
tains, individual fountains may contain up to 75 
grams of composition per tube or 50 grams per cone. 
Fireworks having several tubes or cones attached to a 
common base are permitted, provided that the fusing 
is such that that the tubes or cones fire in sequence, 
not simultaneously. In this situation, the total com- 
bined quantity of composition allowed may be up to 
200 grams for any arrangement and up to 500 grams 
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if the individual tubes or cones are separated from 
each other by at least 4 inch (13 mm). 


cylindrical fountain — A fountain having the ex- 
ternal shape of a cylinder, as distinct from a box or a 
cone. Such fountains intended for use as consumer 
fireworks may range in diameter from less than % inch 
(13 mm) to over | inch (25 mm), and range in length 
from as short as 1.5 inches (38 mm) to 10 inches (250 
mm). Animpressively large outer case is often merely 
clever packaging intended to make a physically small 
firework more appealing to prospective purchasers. 
Some examples of consumer firework fountains are 
shown below. The height of the spray of sparks from 
these fountains typically ranges from as little as a one 
foot (300 mm) to nearly 10 feet (3 m). 


display firework fountain — These are large cylin- 
drical fountains, without a base. They should be firmly 
secured to a stake or other object, or partially buried in 
an upright position, for stability when fired. Display 
fountains commonly range in diameter from 1 inch (25 
mm) to at least 3 inches (75 mm) and from about 6 
inches (150 mm) to more than 
12 inches (300 mm) in length. 
The spray of sparks that they 
produce ranges from about 10 
feet (3 m) to more than 20 
feet (6 m). It is somewhat 
common for display fountains 
to be charged with two layers 
of spark-producing composi- 
tion to provide a_transfor- 
mation effect, often from 
golden-yellow to — silvery- 
white. 


An example of a 2.5-inch (63- 
mm) display fountain secured 
to a metal stake with iron con- 
struction wire is shown at the 
right. 
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A row of display fountains, over 100 feet (30 m) long 
and projecting sprays of titanium sparks approxi- 
mately 25 feet (8 m) into the air, is shown below. 


bai aihd be 


Giant steel fountain — An impressively large display 
fountain described in the literature is the giant steel 
fountain. The composition used in this fountain was a 
mixture of 5-parts potassium nitrate (200 mesh) and 
1-part red gum (180 to 200 mesh) , with 1-part cast 
iron turnings (8 to 40 mesh) as the spark-producing 
metal. For loading, the mixture was dampened with 
50% ethanol and rammed (in small increments) into a 
paper casing 20-inches (0.5-m) long, 4 inches (200 
mm) in outside diameter, with 1-inch (25-mm) thick 
walls. The case was closed at each end with a 3-inch 
(7-mm) rammed clay plug. An open central core 7/8 
inch (22 mm) in diameter was drilled through the top 
plug to a depth of 10 inches (250 mm). The purpose 
of the core was to increase the burning surface area 
and thus increase the rate of gas and spark produc- 
tion, and the height of the display. These giant steel 
fountains were claimed to be capable of projecting 
scintillating iron sparks to a height of 100 feet (30 m) 
(Davis, 1943). These fountains are no longer made 
commercially but are still occasionally made by pyro- 
technic hobbyists. 


hand fountain — (Also hand-held fountain or handle 
fountain) — A small fountain provided with a handle 
of some type and designed to be used by an individual 
holding the fountain at arm’s length. 


There are two basic construction styles for hand foun- 
tains. In one style, the end portion of a fairly substan- 
tial tube is filled with one or more fountain composi- 
tions. The bottom portion of the tube (usually at least 
two thirds of the total length of the tube) is left empty 
to serve as a handle (illustrated below in cross sec- 
tion). Alternatively, the bottom portion of the tube 
may be filled with an inert material for the same pur- 
pose. Typically, the entire tube survives the function- 
ing of the fountain. The California Candle (discussed 
below) is an example of this type of hand fountain. 
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In some instances, a short wooden, cardboard or plastic 
handle may be glued into the empty end of the tube 
of the fountain. Two examples of this type of hand 
fountain are shown below. This design was more 
commonly used in the past than it is today. 


Photo credit: Tom Wenke 


Small hand fountains somewhat similar to these were 
once popular in the UK but are no longer available 
because of changes in the regulations controlling 
consumer fireworks in that country. The example 
shown below was about 6 inches (150 mm) in length. 


The other basic style of hand fountain consists ofa very 
thin-walled, fairly-short length of tube, filled com- 
pletely with one or more fountain compositions and 
attached to a thin stick (illustrated below in cross sec- 
tion). The tube burns away as the fountain composition 
is consumed. The Morning Glory sparkler (discussed 
below) is an example of this type of hand fountain. 
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The ignition of a hand-held fountain is achieved ei- 
ther by a fuse or, in smaller items, by a small dab of 
slurry prime applied to the end of the device. This al- 
so serves to prevent loosely consolidated composition 
from leaking from the item. Most hand fountains of 
this type are approximately 12-inches (300-mm) long 
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(including their handle or stick) but may be as long as 
36 inches (0.9 m). A hand fountain is a relatively safe 
device as long as it is not given to a very young child 
or someone who may not fully appreciate its potential 
to produce burn injuries or to ignite material such as 
clothing. In one respect, these devices are safer than 
wire sparklers in that they do not produce a red-hot 
wire that can inflict burn injuries even after the spar- 
kler has completed functioning. The end of the small 
diameter stick, which is used on some of these items, 
typically remains as a glowing ember for a short pe- 
riod of time after the completion of the fountain’s 
functioning. 


California candle: A type of hand fountain named for 
its external resemblance to a Roman candle and the 
fact that it is permitted in the US state of California, 
where true Roman candles are not allowed as con- 
sumer fireworks. In its most common form, it con- 
sists of a long, narrow paper tube, loaded with one or 
more sparking and/or color compositions. It is in- 
tended to be held in one’s hand at arm’s length as it 
burns (similar to the way one uses a wire sparkler). 
The bottom portion of the tube serves as a handle. 
Two examples of California candles are shown below; 
the larger is approximately 20 inches (500 mm) in 
length and 1-1/8 inches (28 mm) in diameter. 


gco=PhatitomiCalitornia\Candles 


The internal construction of the larger California 
candle is shown below. This candle has been made 
by gluing a small fountain into a larger tube rather 
than by loading the pyrotechnic compositions directly 
into the long tube. 


The internal construction of the fountain insert is 
shown below, with numbers to identify its internal 
materials. The fountain does not have a choke; this may 
be because the device is sufficiently effective without 
one; furthermore, the presence of a choke would in- 
crease the forcefulness of the jet of fire emitted by the 
firework and would risk causing the regulatory au- 
thorities to deem the device unacceptably dangerous. 
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In the photograph, 1 is the ignition fuse (i.e., visco 
fuse), 2 is a composition that burns for about 15 sec- 
onds with a brilliant red flame, 3 is a composition that 
burns for about 15 seconds with a bright green flame 
with a few orange sparks, 4 is a composition that burns 
for about 30 seconds producing white branching 
sparks, and 5 is a clay plug. 


Some California candles have a small spike in the 
end of the tube, offering the option of inserting the 
device into the ground rather than holding it in one’s 
hand. 


Morning Glory sparkler: A 
consumer hand fountain con- 
sisting of a small diameter, 
thin-walled paper tube cov- 
ered with brightly colored tis- 
sue paper attached to a thin 
stick that serves as its handle. 
Commonly, these devices are 
relatively small. There are 
much larger items (over 2-feet, 
0.6-m long) having a similar 
design and the same name. In 
the device shown at the right, 
the paper tube portion is ap- 
proximately 3/16 inch (4 mm) 
in diameter and 6 inches (150 
mm) in length. 


Under the tissue paper- 

covered end is a small dab of prime that closes the 
end of the tube containing the pyrotechnic composi- 
tion. This particular device burns for about 45 sec- 
onds and produces three effects, each lasting about 15 
seconds. First is a red flame with white sparks, next a 
dim, yellowish flame with small, white microstar ef- 
fects, and then a dim, yellowish flame with white 
sparks. In some larger varieties, green, blue, crack- 
ling and other effects are sometimes seen. 


Atypical designs: Hand fountains have a wide range 
of designs and produce a variety of effects. Some ra- 
ther closely mimic the effect of traditional wire spar- 
klers but are constructed differently from these and 
from most hand fountains. Two examples are dis- 
cussed below. 
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The Flash Ray-Gun, of Chinese origin, is peculiarly 
sparkler-like in effect. Its handle consists of a heavy 
paper cut-out in the shape of an automatic weapon 
(shown below). 


In this example, the barrel consists of a thin-walled 
paper or plastic tube; approximately 0.3 inch (7 mm) 
in diameter and 1.8-inches (45-mm) long. The barrel 
tube is loaded with a potassium perchlorate, flake 
aluminum and charcoal composition. Magnalium 
(approximately 20 to 30 mesh) is also present in 
some compositions, to produce a distinct crackling 
effect. There is no fuse on this device; ignition is 
achieved by simply applying a flame to the muzzle. 
The burn time is approximately 30 seconds. 


Another Chinese hand-held sparking device consists 
ofa small, thin-walled paper tube, 0.12-inch (0.3-mm) 
diameter by 4-inches (100-mm) long, loaded with a 
sparking composition and attached to a tubular plastic 
or paper handle. Two views are shown below. 


1 Lijit Litt 4 4 


PH 


There is no fuse on this device, just a prime-coated 
tip to aid in its ignition (shown enlarged above). 
These little devices resemble a wire sparkler in their 
effect, although they have no supporting wire and 
there is no steel powder in their composition. During 
use (burn time 30 to 40 seconds), the casing burns 
away, leaving nothing except the handle. The effect 
produced is a white, yellow or green flame envelope 
with a white aluminum and/or magnalium spark ef- 
fect. The casings are color coded to indicate the color 
of the flame. As with the Flash Ray-Gun, potassium 
perchlorate is the principal oxidizer. 


jeweled fountain — (Also floral fountain, chip foun- 
tain or prismatic fountain) — A fountain loaded with a 
composition containing small granules of colored star 
composition in addition to either a spark-producing 
fountain composition or a gas-generating composition 
that only incidentally produces sparks. The burning 
granules are ejected from the fountain and produce a 
spray of tiny colored stars. As long ago as 1836, F.- 
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M. Chertier presented special color compositions for 
making ‘little grains’ for this purpose. A typical jew- 
eled fountain is illustrated below in cross section. 
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The effect produced is illustrated below. In some 
jeweled fountains, the only effect is the spray of col- 
ored stars. Others also produce sparks; in such foun- 
tains, the compositions used for the granules must be 
such that the burning granules are sufficiently bright 
and of a sufficiently distinct color to show up well 
amongst the fountain’s sparks. 

: a = 2 
es ob FY 
i 9 
<— Spray of 
' Sparks 


i] 
' 
1 
t 
1 
a : ad ‘e 


1 
1 
' 
1 
1 
1 
ye 
e 


<—+— Colored Star 


~ 


<—— Jeweled 
Fountain 


In the past, jeweled fountains were hazardous to 
manufacture because ignitions sometimes occurred 
during compaction of the fountain composition. This 
sensitiveness was the result of two factors: first, the 
primary fountain composition was a modified Black 
Powder (containing sulfur); and second, the small 
granules of colored-star composition contained potas- 
sium chlorate. Today, jeweled fountains are com- 
monly manufactured using granules that do not con- 
tain potassium chlorate. 
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An inherent problem with jeweled fountains is that 
the color granules tend to be consumed while still in- 
side the fountain. Chertier (1843) claimed that this 
problem could be solved with a special cone-shaped 
choke that widened toward the inside of the foun- 
tain). This facilitates the rapid passage of gases from 
the burning composition through the choke, so that 
the burning granules are quickly carried into the air. 


microstar fountain — Some authors make a distinc- 
tion between jeweled fountains and microstar foun- 
tains, based on the nature of the granules incorpo- 
rated into the fountain composition. For some, ‘mi- 
crostar fountain’ is a broad term referring to any 
fountain containing small granules, chips or specially 
made tiny stars of any kind. For others, the term is 
much more specific and limited, referring only to 
fountains containing tiny stars (described as mi- 
crostars) that have special properties (i.e., they pro- 
duce a microstar effect). These microstars initially 
burn with very little or no light output (i.e., a dark re- 
action) that then burst forth with either a brilliant 
flash of light (often colored) and a sizzling sound, or 
with a loud crackling sound and radiating bursts of 
sparks. The latter usage is followed in this text. 


Microstar fountains are constructed in the same basic 
manner as jeweled fountains (illustrated farther above). 
The microstars are ignited by the burning of the foun- 
tain composition (usually a modified rough Black 
Powder) and are ejected to burn above the top of the 
fountain (illustrated below). 
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Microstars were developed relatively recently and 
can produce remarkable effects. They are essentially 
tiny strobe stars that, because of their small size, pro- 
duce only one bright flash (or possibly two flashes) 
of white or colored light. Crackling microstars pro- 
duce a single flash of white light and an explosive 
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spray of sparks, as typified by the so-called dragon’s 
egg effect (see cracking microstar effect). The amazing 
functioning of a single crackling microstar is shown 
in the series of images below. In the first image (up- 
per left) the microstar has been ignited on a small tile 
(2 x 2 inches, 50 x 50 mm). It is glowing dimly red 
during the brief time interval before exploding in a 
large spray of sparks. The last three photographs span 
a time interval of only 0.05 second. 


Several microstar formulations are provided in the 
microstar entry. 


multiple-effect fountain — (Also transformation 
fountain) — A fountain made to produce multiple ef- 
fects by loading it with layers of different composi- 
tions. In the example shown below, a single fountain 
produced three distinctly different effects. First was a 
red flame with some sparse white sparks, then a 
green flame with sparse yellow sparks, and ending 
with a dense spray of bright white sparks. 


A fountain producing two different effects is illus- 
trated below in cross section. One common version 
produces a cast-iron spark effect followed by a bright 
titanium spark effect. 
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A similar effect can be produced by multiple-tube 
fountains (discussed below). 


multiple-tube fountain — (Also repeating foun- 
tain) — A firework that produces multiple fountain ef- 
fects by means of two or more individual, cylindrical 
fountains chain-fused together. Such fountains are 
common in consumer fireworks. Some are tiny, such as 
the box fountain shown below. This is approximately 
2-inches (50-mm) square and 3.2-inches (80-mm) 
tall; it contains three very small cylindrical fountains. 
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An example of a multiple-tube fountain configured as 
a base fountain is shown farther below. It is approxi- 
mately 1.9 inches (48 mm) in outside diameter and 
5.7-inches (143-mm) tall and contains three small 
fountains that are each 0.7-inch (18-mm) in outer di- 
ameter and 3.5-inches (88-mm) long. 


Configuring a series of fountains in this way can pro- 
vide a larger device than would otherwise be allowed as 
a consumer firework. In the US, the maximum amount 
of pyrotechnic composition allowed in an individual 
consumer fountain tube is 75 grams, but if the individ- 
ual tubes in a single multiple-tube fountain share a 
common base, there may be a total combined weight of 
200 grams of composition or as much as 500 grams, 
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providing the tubes are each separated by at least 0.5 
inch (13 mm). 


While it would be possible to fuse multiple-tube 
fountains to perform simultaneously, in the US it is 
required that such consumer firework fountains be 
ignited sequentially. Multiple tube fountains accepta- 
ble for sale in the US are chain-fused in ways such as 
illustrated below in cross section. In this example, the 
connecting fuse burns sufficiently slowly to allow 
most (ideally all) of the composition in one fountain 
to complete its burning before the next fountain be- 
gins its display. 
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Multiple-tube fountains often include small diameter 
fountains that contain whistle composition with a 
spark-generating metal, usually titantum. Some mul- 
tiple-tube fountains are constructed in a manner simi- 
lar to multiple-tube aerial devices (i.e., cakes). Since 
they consist only of fountains, they can be sold in ju- 
risdictions where aerial devices are not allowed. 


special effect fountain — special effect technicians 
(and others) may refer to special effect gerbs as foun- 
tains. (See fountain vs. gerb differentiation.) 
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spike fountain — A cylindrical 
fountain provided with a 
wooden or plastic spike, intend 
to be stuck into the ground to 
hold the fountain in an upright 
position. Two older examples 
are shown at the right. The 
longer unit is from Rozzi, da- 
ting to 1959 and the other unit is 
from Unexcelled and dates to 
approximately 1930. (The 
background is  0.25-inch 
squares. ) 


whistling fountain — Typi- 
cally, a cylindrical fountain 
made with a standard whistle 
composition, often including 
titanium granules for a white 
spark effect. It differs from a 
typical cylindrical fountain by 
the lack of a choke. A choke 
would interfere with the pro- 
duction of the whistling sound 
and possibly cause the device 
to explode. 


Photo credit: Tom 
Wenke 


FOUNTAIN VS. GERB DIFFERENTIATION — There are 
several points of view regarding how one should 
properly differentiate between a fountain and a gerb. 


For some pyrotechnists the differentiation is princi- 
pally based on the use to which the device is put. A 
fountain is a device that is used individually or as a 
relatively widely spaced array of several individual 
devices, usually placed on the ground. In this context 
essentially all consumer firework, spark-spraying de- 
vices would be (and are, in the US) only described as 
fountains. In contrast, for these pyrotechnists, a gerb is 
a device attached to another item or firework and fired 
as part of an ensemble. The item to which the gerb is 
attached could be a pole with a number of similar de- 
vices attached, as shown functioning below. A fire- 
work wheel and a lance setpiece are other examples of 
the type of firework to which one or more gerbs might 
be attached. When titanium, aluminum or magnalium 
gerbs are used to produce sprays of bright sparks, the 
display piece may be described as brightwork. 
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Photo credit: Robert Winokur 


For other pyrotechnists, the differentiation is based on 
the appearance of the display produced by the device. 
A fountain is a device producing a display like that il- 
lustrated below (left), appearing much like an oma- 
mental water fountain; whereas a device producing a 
spray of sparks similar to that illustrated below 
(right) is termed a gerb. This is because the spray of 
sparks calls to mind an old-fashioned sheaf (i.e., a 
tied bundle) of wheat shafts, the French name for 
which is ‘gerbe’. 


While the distinction between fountains and gerbs, 
based on the appearance of their performance, is log- 
ical, in practice there is certainly no universal agree- 
ment. Potentially adding to the confusion in termi- 
nology, proximate audience devices (other than wa- 
terfalls) that produce a spray of sparks are always de- 
scribed as gerbs; this is justifiable as it is common for 
stage gerbs to produce rather forceful (gerb-like) 
sprays of sparks. Also, confusing is that in fireworks, 
a gerb may be described as a fixt or fixed case, pur- 
portedly because it is used after having been secured 
(affixed or attached) to some other device. 


Further obscuring the terminology is that it is not un- 
common for some special effect technicians to errone- 
ously refer to stars (whether spark producing or not) 
as gerbs. Such usage has no historical justification. 
Special effect technicians may sometimes describe all 
devices producing a spray of sparks as fountains. 


fps — An abbreviation for frames per second or feet 


per second in the foot-pound-second system. 
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FPS system — An abbreviation for the foot-pound- 
second system of units. 


FRAGMENTATION -— (Jargon frag) — The breaking of 
an item or material into smaller pieces, as often oc- 
curs when an explosion takes place. During an explo- 
sion, the items produced are cast away from the ex- 
plosion and can cause secondary damage. Primary 
fragments come directly from the explosive device it- 
self (such as from its casing). Secondary fragments 
are mobilized by the explosion and come from near- 
by items not the explosive device itself. 


FRAGMENTATION TEST — See explosive output test. 


FRAMES PER SECOND -— (Abbreviated fps) — In re- 
cording events on motion pictures or video, a series 
of individual still images (i.e., frames) are recorded. 
When the images are played back at a rate greater than 
12 to 15 images per second, the motion will be per- 
ceived by humans as being continuous. The number 
of images per second recorded or played back is de- 
scribed as the number of frames per second (fps). 


Recording events at a high frame rate (i.e., many 
frames per second) and playing them back at a lower 
rate slows the motion. When investigating pyrotechnic 
phenomena, it is not uncommon to record at frame 
rates that range from 1,000 to 10,000 fps. An example 
of a simple firecracker exploding that was video rec- 
orded at 10,000 fps is shown below. The time lapse 
between the first (left most) frame and the next one is 
0.0005 second. The time lapse between each of the 
three frames on the right is 0.0001 second. 


RY 


Even at this high frame rate, not much detail from the 
early stages of the explosion has been successfully 
captured. 


FRAMEWORK -— A structure used to provide strength 
and support, either internally or externally. 


FRANGIBLE (adjective) — Describes a solid that can be 
easily broken into smaller fragments or to a powder, 
rather than undergoing plastic deformation. The fran- 
gibility of 50:50 magnalium is a useful property in 
the making of fine magnalium powders. In fact, 
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50:50 magnalium is so brittle that it forms whiskers 
(like glass) when it breaks. 


FRANGIBLE LINK — A mechanical coupling used to 
support a tensile load, but which releases the load 
upon the receipt of a firing stimulus. Explosive nuts 
and bolts (such as used in staging large-scale rockets) 
may be used as parts of a frangible link. 


FRE — Abbreviation for fiber reinforced epoxy. 


FREE ENERGY — An expression of the total energy of 
a chemical compound or reaction available to do 
work. The calculation of free energy includes consid- 
eration of both enthalpy and entropy. In reactions 
where a phase change occurs, free energy is a better 
measure than enthalpy of reaction of the total energy 
of the system. (See Gibbs free energy.) 


FREE ENERGY MINIMIZATION MODELING — See 
thermochemical modeling. 


FREE FALL — The unpowered, unguided, unrestricted 
fall of a body in response to gravity. A rocket with no 
deployed recovery device may be considered to be in 
free fall after reaching its apogee even though it may 
have fins that might provide stabilization during its 
fall. An orbiting satellite can be said to be in free fall 
because it too is freely falling in response to gravity. 


FREE FIELD (audiometrics) — An environment where 
there are no interferences (e.g., reflective or absorbing 
materials or objects) in the frequency or time regions of 
interest. 


FREE-FIELD MEASUREMENT — See sound pressure 
level measurement. 


FREE RADICAL — A chemical entity (an atom, molecule 
or ion) with at least one unpaired valence electron. 
Free radicals are designated by a superscript dot as in: 


Cl’, a chlorine atom 
HO’ , a hydroxyl radical 


Free radicals are extremely reactive and typically have 
very short lifetimes. In any flame, free radicals exist as 
intermediate, unstable compounds. The presence of 
free radicals and the nature of those free radicals can 
be important in controlling flame color. Many of the 
color species in a flame are free radicals, for example: 


SrCl’, strontium monochloride 


SrOH’, strontium monohydroxide 
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FREE-STANDING GRAIN -— See cartridge-loaded grain. 


FREEZING POINT — The temperature at which a sub- 
stance undergoes a transition from the liquid phase to 
the solid phase. This is the same temperature as the 
melting point for the substance. 


FRENCH SPLIT — (Also crisscross effect, shooting 
comet, crisscross comet, scrambling comet, crossing 
stars or shuttle effect) — An aerial shell effect created 
by inserts that have two stars fitted together in a 
small diameter tube with a small break charge or pro- 
pelling charge (usually Black Powder) between the 
two stars. The item can be made in a variety of ways; 
one type is illustrated below in cross section. 
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It is common for the fuse on French splits to provide 
a 1 or 2-second delay after the aerial shell bursts. 
When a sufficiently large number of the devices are 
used, they give the impression that the paths of the 
stars cross one another, which gives rise to the de- 
scription of the effect as crisscross. 


The device can appear somewhat different, depending 
on how the device is constructed and how the two stars 
are primed. They may be essentially invisible until they 
explode (as shown above). If the covering on the ex- 
terior end of each star is replaced with prime, the effect 
can be that of a single star which later breaks evenly 
into two stars. Classically, French splits are made 
with red and green burning stars that initially burn to 
mostly appear as the composite color yellow, before 
they split. Following the split, they then appear as red 
and green stars separating from each other. 


On occasion the French split effect may be described as 
splitting comets, which can be confused with crossette 
comets, which are also sometimes described as split 
or splitting comets. Also, when used as an ascending 
effect attached to the exterior of an aerial shell, 
French splits may occasionally be described as as- 
cending comets. 


FREQUENCY — The number of occurrences of an event 
per unit time. For example, in North America, alter- 
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nating current completes a cycle 60 times per second; 
thus, the frequency is 60 hertz (where | hertz = 1 cycle 
per second). In pyrotechnics, strobe pots and strobe 
stars have commonly been described as having a cer- 
tain flash frequency, measured in hertz. 


FREQUENCY SHIFT KEY — (Abbreviated FSK) — See 


time code. 


FRICTION — That force caused by the interaction be- 


tween two bodies, which resists their motion relative 
to each other. The interaction may arise because of 
contact or because of the viscosity of an intervening 
fluid. In general, for bodies in contact, friction is pro- 
portional to the force acting normal (i.e., perpendicu- 
lar) to the surfaces in contact, which holds the bodies 
in contact. Somewhat counter intuitively, the fric- 
tional force usually does not depend on the surface 
area in contact. Friction is higher for a static condi- 
tion (static friction) than when the bodies are in rela- 
tive motion (kinetic friction). When considering fluid 
forces, friction tends to be proportional to the relative 
velocities of the bodies and the viscosity of the fluid. 
In each case, the friction force is opposite to the di- 
rection of relative motion between the bodies. 


In pyrotechnics, heat generated by friction is capable 
of producing ignitions, both accidental and intentional. 
The likelihood of an accidental ignition can be re- 
duced by taking certain measures during mixing, 
loading and compacting a pyrotechnic composition. 
Examples of such measures include: 


e Use mixing methods that are relatively gentle (such 


as the diaper method of mixing) and avoid the force- 
ful rubbing of particles together. 


e When practical, avoid the use of ingredients that are 


especially hard or abrasive. Titanium is notorious for 
increasing the sensitiveness of compositions to fric- 
tion. 


e Add a phlegmatizing agent, such as a lubricant, when 


compacting compositions. 


e Compact powders slowly, using a press rather than 


mallet blows. 


For pull-wire igniters and safety matches, in which 
friction produces intentional ignitions, reliability is 
increased by deliberately increasing friction. For pull- 
wire igniters, the wire is typically bent in a zigzag 
fashion to cause the striker composition coated on the 
wire into more forceful contact with the base compo- 
sition (typically in a small cup). With matches, fric- 
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tion is often increased by adding ground glass to the 
striker composition or striker surface. 


FRICTIONAL ELECTRICITY — See triboelectric effect. 


FRICTIONATOR — A term occasionally used in the 
context of materials such as antimony(IIJ) sulfide, 
particularly as applied to its use in primer composi- 
tions. In the early19" century, it was found that the 
addition of antimony(IID) sulfide to a primer compo- 
sition based on potassium chlorate resulted in in- 
creased sensitiveness to percussion, along with a de- 
crease in brisance and an increase in the potential for 
successful ignition of the Black Powder propellant. 
The term acknowledges that the basis for the in- 
creased sensitivity to percussion is derived from an 
increase in friction sensitiveness. 


FRICTION DRAG - See drag force. 


FRICTION FIT — The reasonably tight joining of two 
items held together by friction as opposed to an adhe- 
sive or some other mechanical means. Although a 
rocket motor is sometimes installed using tape to in- 
crease its diameter for a tight friction fit, it is better to 
use a more positive method of retention. A snug fric- 
tion fit may be used to keep the nose cone in place 
until deployment of the recovery device separates 
them. A small bleed hole(s) should be drilled into the 
rocket body below and/or above friction fit joints to 
prevent premature separation of parts due to a devel- 
oping pressure imbalance during flight. 


FRICTION IGNITER — An ignition system that depends 
on heat produced from the friction between two sur- 
faces. Spinning a pointed, wooden stick in a conical 
hole in a block of wood constitutes an early example 
of a simple friction ignition system. In this case, heat 
is generated as a result of the friction of the two 
wooden surfaces in forceful contact. Today, most 
friction igniters depend on specialized pyro-chemical 
compositions. The most common forms of friction 
igniter systems are those employed by safety matches, 
pull-wire igniters, friction primers and those in con- 
sumer pyrotechnic devices such as party poppers and 
pulling fireworks (classified as novelties in the US). 


Friction igniter compositions are often used in pairs. 
One part is a pyrotechnic igniter composition that, 
when ignited, provides the ignition stimulus for what- 
ever the friction igniter is intended to ignite. The other 
part is anon-pyrotechnic striker composition that pro- 
vides ingredients to sensitize the igniter composition. 
When the two compositions are brought together in a 
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manner that produces friction, the igniter composition 
is readily ignited. 


Formulations for two pair of friction igniter composi- 
tions (Conkling, 1985) are presented below, where 1 
and 3 are formulations for the igniter compositions, and 
2 and 4 are the corresponding striker compositions. 


Formulation | Parts by Weight 


Uneaten | (1) | (2) | (3) | (4) 


Usually, friction igniters depend on the reaction of red 
phosphorus with potassium chlorate. At least one of the 
compositions normally contains an abrasive ingredi- 
ent, such as powdered glass, sand or pumice powder. 
Small amounts of a binder (or adhesive), as well as 
stabilizers, are also included in the compositions. 


FRICTION LIGHTS — See match, historical. 
FRICTION MATCH — See match, friction. 
FRICTION PAD — See brassard. 


FRICTION PRIMER — A de- 
vice used in the 19" century 
to fire Black Powder can- 
nons. An example from the 
1860s is shown at the right. 


The igniter was used by in- A 
serting the brass tube (A) in- 
to a hole in the breech of the 
cannon, and then a lanyard 
secured to the wire loop (B) 
was pulled briskly. This 
caused the ignition of a fric- 
tion-sensitive composition (for example a mixture of 


Photo Credit: 
US National Park Service 
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potassium chlorate and antimony(III) sulfide) con- 
tained in the brass side tube (C). The resulting flash of 
fire then ignited a column of loose Black Powder held 
in the main tube (A), which burst forth from the bot- 
tom of the tube and in turn ignited the Black Powder 
propelling charge in the cannon. 


FRICTION SENSITIVENESS — See ignition sensitive- 
ness. 


FRICTION SENSITIVENESS TEST, BAM — One of 
the UN test protocols specified for evaluating the 
susceptibility of an explosive to ignition or initiation 
as a result of mechanical energy in the form of fric- 
tion (from the “Recommendations on the Transport 
of Dangerous Goods, Manual on Tests and Criteria”). 
One form of this test and apparatus was developed by 
the German Federal Institute for Materials Research 
and Testing (the Bundesanstalt fiir Materialpriifung), 
which is the apparatus is shown below. 


Photo Credit: Health and Safety Lab, UK 


The equipment is used to de- 
termine the minimum friction- 
al load that will ignite a test 
sample when placed between 
two moving porcelain surfac- 
es. The porcelain pieces are 
shown at right individually and Photo Credit: Health and 
as mounted in the apparatus Safety Lab, UK 
below. 


Photo Credit: Health and Safety Lab, UK 


For the test, a 10 mm? sample is placed onto the 
porcelain plate, and the porcelain peg, under a verti- 
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cal load, is placed on the sample. Then the porcelain 
plate is moved 10 mm, once only back and forth, be- 
neath the stationary porcelain peg, while it is ob- 
served to detect an initiation or evidence of decom- 
position. In practice, the porcelain pieces must be re- 
placed after each test. In one test protocol, the limiting 
load is determined as being the minimum load at 
which at least | ignition occurs in a series of 6 trials, 
whereas at the next lower load, no ignitions occur in 
6 trials. Alternatively, for military sensitiveness test- 
ing, a Bruceton method may be used. (See sensitive- 
ness test protocol.) 


FRICTION TAPE — A type of cloth tape, usually black 


in color and about an inch, 25 mm or less, in width, 
used extensively in the past in applications such as 
covering splices in heavy duty electrical wiring. An 
example is shown below. 


3M Temflex 
1755 


Friction Tape 


Ruban friction 
Cinta Aislante 
le lela 


isc 


In pyrotechnic special effects: Although plastic tape 
has mostly displaced friction tape in electrical appli- 
cations, friction tape continues to have important ap- 
plications in special effects, such as in the assembly 
of a Black Powder bomb. In this application, friction 
tape has the needed characteristic of having substan- 
tial strength and is essentially inelastic under tension 
until it breaks (i.e., tears). Accordingly, a Black Pow- 
der bomb wrapped with friction tape holds solidly to- 
gether as its internal pressure rises to the point of the 
device’s total failure in an explosion. An example of 
a Black Powder bomb is shown below, with a close- 
up of the friction tape wrap on the right. 


The performance of friction tape in Black Powder 
bombs is preferred because plastic tape is lower in 


Page 571 


strength and quite elastic under tension. As a result, it 
allows combustion gases in the Black Powder bomb 
to escape (i.e., leak out) without producing the more 
violent explosion needed for a proper effect. 


FRICTION TEST — The process used to evaluate a pyro- 
technic composition or explosive for its susceptibility 
to initiation due to mechanical energy in the form of 
friction (see ignition sensitiveness). 


FROG — See English cracker. 


FRONT (fireworks) — (Also frontage or line volley) — 
An array of fireworks spaced along a line, typically 
running across the field of view of the main body of 
spectators and fired simultaneously or sequentially. 
The most common types of fireworks used in fronts 
are fountains, Roman candles, mines and comets. 


When the items in a front are fired in a rapid se- 
quence from one side to the other, this may be de- 
scribed as a chase, especially when a large number of 
items are fired. When a relatively small number of 
devices are fired in sequence, or the effect does not 
span a considerable distance across the visual per- 
spective of the spectators, the effect may also be de- 
scribed as a wave effect. Some types of small multi- 
ple tube devices produce wave effects (e.g., Z-cakes 
and X-cakes, see multiple-tube display type). 


In addition to the most basic types of fronts described 
below, many interesting combinations can be assem- 
bled by varying their arrangement and order of firing. 


simple front — The simplest front is probably one 
produced by the simultaneous firing of a collection of 
individual devices along a line in front of the main 
spectator area. An example of this type of mine front 
discharged vertically is shown below. 


Photo Credit: Garry Hanson, Precocious Pyrotechnics 


The next step up in complexity is to place the items 
to be fired in a manner that produces a crossing pat- 
tern (shown below). In this arrangement the angles 
for the devices at each station and the distance be- 
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tween stations are typically identical for maximum 
esthetic effect. 


Photo Credit: Garry Hanson, Precocious Pyrotechnics 


fan front — A type of front fired simultaneously from 
one or more fan racks. A sample fan rack is shown 
below. 


In the following photograph, three fan racks were 
used to position three sets of narrowly collimated 
mines. 


Photo Credit: Garry Hanson, Precocious Pyrotechnics 


fan wipe — (Also fan chase) — A type of front using 
a fan rack in which the items are fired sequentially 
from one side to the other. This is illustrated below, 
where the numbers (1 through 7) designate the firing 
sequence. 


straight-up wipe — (Also chase) — A type of front 
using a collection of items fired vertically (but hori- 
zontally separated somewhat from one another) and 
sequentially from one side to the other, as illustrated 
below. 
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fan curtain — A type of front using a fan rack in 
which the items in the rack are fired sequentially, 
starting from the center and proceeding toward both 
sides, as illustrated below. 


straight-up curtain — A type of front using a col- 
lection of items fired vertically (but horizontally sep- 
arated somewhat from one another) and sequentially 
starting in the middle and proceeding toward both 
ends, as illustrated below. 


train wreck — An example of a front that is com- 
posed of a combination of the most basic types de- 
scribed above. In this case, there are two straight-up 
curtain effects on the right and left, which are each 
fired in a sequence toward the center. In the center, 
and fired immediately after the curtain effects, is a 
simple fan front, as illustrated below. 


a 2 Ue 7 came 


perisageen Gt a HM awa GRAS 4 


FRONTAGE — See front. 


FRONTAL AREA — The cross-sectional area of a rocket 
perpendicular to the relative airflow. Frontal area is 
usually considered to be only the cross-sectional area 
of the body tube, when calculating drag from the total 
drag coefficient for the rocket. 


FROZEN COMPOSITION FLOW and FROZEN FLOW — 
See flow type. 
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FRP — Abbreviation for fiber reinforced plastic. 


FSK — Abbreviation for frequency shift key, a time 
code. 


ft — Symbol for foot. 
ft-c — Symbol for foot candle. 


FTIR SPECTROSCOPY — Abbreviation for Fourier 
transform infrared spectroscopy. 


ft-Ibr— Symbol for foot-pound (force). 


FUEL — (Also chemical fuel) — Any material that acts 
as a reducing agent in a chemical reaction producing 
combustion. A partial list of fuels that are somewhat 
commonly used in pyrotechnic compositions is pre- 
sented below. 


Chemical Symbol 
or Formula 
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Chemical Symbol 
or Formula 


Fuel @) 


a) For information about characteristics and uses, see the 
specific entry for the fuel. 


b) See metal fuel below. 


c) This fuel is of natural origin and its exact composition 
will vary depending on its source and the method of 
preparation. 


d) Meyerriecks, 1998 and 1999. 
e) Shimizu, 1981. 
f) See accessory fuel below. 


accessory fuel—(Also flame deoxidizer) — A readily- 
vaporized, but low-reactivity fuel, usually used in 
combination with a more reactive fuel. An accessory 
fuel may be effective in helping reduce the loss of a 
desirable color emitter, resulting from the formation of 
an undesirable oxide especially in the outer regions of 
the flame envelope. This is well illustrated by copper- 
based blue flames, in which the desired emitter is 
gaseous copper monochloride [CuCl']. In the presence 
of oxygen, copper monochloride is converted to gas- 
eous copper monoxide [CuO’], which emits red light. 
Because blue flames are intrinsically weak, the effect 
of copper monoxide is particularly undesirable in stars 
and lances as it imparts a purple cast to the flame 
when viewed from a distance. At closer range, the 
flame is seen to be blue with a pinkish-red tip, and this 
has been used to provide a pleasing effect in some pin- 
wheels, by producing a blue ring surrounded by a 
pink halo. 


It has been theorized that the oxide tends to form at 
the flame tips by reaction between metal-containing 
gases and atmospheric oxygen that diffuses into the 
flame. It is further theorized that the use of low- 
activity (1.e., accessory) fuels may be effective in re- 
ducing the formation of the undesirable oxides be- 
cause the accessory fuel waits to react with the infus- 
ing atmospheric oxygen. 


Examples of accessory fuels are hexamine (i.e., hex- 
amethylene-tetramine), lactose and stearic acid. These 
ingredients are common in high-quality blue flame 
formulations. Their effectiveness in reducing the for- 
mation of reddish-tipped flames is consistent with the 
flame deoxidizer theory. 
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Accessory fuels also tend to enlarge the flame enve- 
lope of burning colored-flame compositions, another 
desirable effect. 


historical fuel—Many fuels, used in the more distant 
past, are no longer commonly used for various reasons, 
usually the result of cost and/or health concerns. A 
partial list of some historical fuels is presented below. 


Chemical Symbol 
Fuel () or Formula 


a) For information about characteristics and uses, see 
the specific entry for the fuel. 


b) Regulus. c) Realgar. d) Orpiment. 


metal fuel — Powdered metals can be used to in- 
crease the energy production of a pyrotechnic com- 
position, thus its flame temperature. Metal fuels also 
find other applications in many areas of pyrotechnics, 
such as in spark production. 


In fireworks: Metal fuels are used to produce noise 
(i.e., explosions), to brighten colored flames and to 
generate bright spark effects. 


Metal fuels are an essential ingredient in flash powders. 
Very fine, particle-size aluminum is the most com- 
monly used metal fuel, but fine magnalium is finding 
increasing use. These metal fuels not only increase 
the energy produced; they also serve to produce the 
bright flash that is characteristic of flash powders. 
The refractory metal oxides produced, with their high 
boiling points, incandesce as tiny liquid droplets to 
produce the flash of light. It is likely that molecular 
band emission from gaseous metal monoxides also 
contributes to the flash. Firework flash powders typi- 
cally also produce a powerful concussive effect. They 
often have near-stoichiometric amounts of metal fuels 
(e.g., approximately 30%) and the fuels have small 
particle sizes (e.g., — 325 mesh). 


For colored flames, the addition of a flame color agent 
and/or a chlorine donor (see colored-flame chemistry) 
to a pyrotechnic composition reduces the flame tem- 
perature, which results in a substantial decrease in the 
intensity of the light produced. All else being equal, 
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when more energy is produced by a pyrotechnic 
composition, the resulting increase in flame tempera- 
ture produces a substantial increase in the intensity of 
emitted light. Accordingly, a benefit of metal fuels in 
colored-flame compositions is that their increased 
energy production allows the use of a larger quantity 
of flame color agent and chlorine donor without de- 
creasing the light intensity produced. This in turn 
produces a more richly colored flame. In a colored- 
flame effect, unless a spark effect is desired, metal 
fuel particle size typically ranges from 100 to 325 
mesh, and the metal fuel constitutes 10 to 15% of the 
composition. 


The most common metal fuels used in colored-flame 
compositions are aluminum, magnalium and magne- 
sium. Aluminum is the safest to use but reduces the 
purity of the colored light produced by the flame. 
Magnesium is less safe to use but produces the highest 
purity colored flames. Magnalium provides a good 
balance between safety and color purity. (See colored- 
flame chemistry.) 


Metal fuels in fireworks can also be used to produce 
illumination stars, sparks, glitter effects and strobe 
effects. 


In rocketry: Metal fuel (typically aluminum or mag- 
nesium) is often used in composite propellants to in- 
crease the energy production (1.e., reaction product 
temperature) and to suppress one form of rocket mo- 
tor combustion instability. Using a significant amount 
of a reactive metal fuel may also provide a marginal 
increase in specific impulse; it will also typically in- 
crease the density of the propellant and less propel- 
lant volume will be needed to provide the same total 
impulse. The reduction in propellant volume is likely 
to allow a small decrease in motor casing size and 
thus mass. 


In some cases, relatively large particle-size metal 
powders (typically titanium) may be added to ama- 
teur rocket propellants for the purpose of producing 
sparks for a visual effect. There is significant contro- 
versy regarding the appropriateness of these so-called 
‘sparky motors’. The concern is that while they are 
an interesting enhancement to the rocket’s perfor- 
mance, they have caused ground fires and may thus 
attract undesirable regulatory attention to the hobby. 
They may also weaken, in the minds of regulators, 
the distinction between model rockets and fireworks, 
which would be most undesirable in those jurisdic- 
tions (such as in Australia) in which model rockets 
are permitted but fireworks are not. 
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In_ special effects: Metal fuels are used in much the 
same way as in fireworks, but there can be some im- 
portant differences. For example, theatrical flash 
powder (see flash powder type) is often used to pro- 
duce a flash of light with little or no concussive (i.e., 
sound) effect. This may be accomplished by using 
compositions that are quite fuel-rich (perhaps more 
than 50% fuel) and larger particle sizes (perhaps 100 
mesh or larger). In sparkle flash powder (for use in 
sparkle pots) a fine particle-size metal fuel is used to 
ignite and eject larger-size metal particles (typically 
flake aluminum) to create a sparkle effect. 


FUEL-AIR EXPLOSIVE — (Abbreviated FAE or FAX) — 
(Also thermobaric explosive) — The production of a 
cloud of flammable material dispersed through a vol- 
ume of air, which is then ignited to produce an explo- 
sion. In some cases, this type of explosion is pro- 
duced accidentally; when produced intentionally, it is 
almost always for use as a military weapon. 


The fuel may be dispersed as a vapor, an aerosol of 
liquid fuel droplets or a fine dust of solid material. In 
some cases, the fuel may even begin as a relatively 
large, mostly solid mass of material, which is dissem- 
inated explosively. 


Fuel-air explosives can have a high specific output 
(i.e., output per mass of fuel) and their total output. In 
most explosives a substantial portion of their mass 
consists of a source of oxygen. Almost the entire 
mass of material used to produce a fuel-air explosion 
will be fuel, with air supplying the oxygen necessary 
for combustion. 


FUEL GRAIN — The pyrolant grain that is the source of 
gaseous fuel in a gas-hybrid rocket motor or ducted 
rocket motor. The pyrolant burns to produce a fuel-rich 
gas that is injected into the combustion chamber for 
burning with an oxidant to produce the rocket’s thrust. 


Fuel grain may also be jargon for propellant grain. 
FUEL, HISTORICAL and FUEL, METAL — See fuel. 
FUEL PELLET, JETEX™ — See Jetex (Jetex fuel). 


FUEL-RICH — (Also under-oxidized or rich) — A pyro- 
technic composition or an explosive with an excess 
of fuel over the amount of oxidizer present. Such a 
material is said to have a negative oxygen balance 
and will produce less than the maximum energy upon 
reacting when confined. 


It is possible that some of the excess fuel will remain 
uncombusted. For example, in the case of the explo- 
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sion of trinitro-toluene (TNT), with its 74% negative 
oxygen balance, some unburmed carbon is produced 
upon explosion resulting in the appearance of black 
smoke after the explosion. 


More commonly, a portion of the excess fuel will be 
partially oxidized upon burning or explosion. Then, 
when the reaction products are exposed to the air, the 
partially oxidized fuel may burn, drawing oxygen from 
the air. For example, solid rocket motors, propelled 
by the double-based nitropolymer propellant NC-NG 
(see propellant type), produce significant carbon 
monoxide as one of the combustion products. After 
exiting the rocket motor nozzle and mixing with air, 
the carbon monoxide burns to produce a secondary 
flame in the rocket plume as shown below. 


7 Sagi 


— 


Photo Credit: Naminosuke Kubota 


Many firework compositions are deliberately formu- 
lated to be fuel rich. This may be done to slow the burn 
rate of a composition or to produce an attractive fire- 
dust tail behind a firework rocket or a burning star. 


FUEL TO OXIDIZER RATIO — EFFECT ON BURN RATE 
— See burn rate, factor affecting. 


FULCRUM — The point about which a lever rotates. 


FULLER’S EARTH —- Any fine-grained, naturally- 
occurring earthy material that possesses a high ab- 
sorptive capacity. Fuller’s earth usually consists 
mainly of hydrated aluminum silicates that contain 
metal ions such as magnesium, sodium or calcium. It 
usually has high magnesium oxide content. Montmo- 
rillonite is the principle clay mineral in Fuller’s earth. 
Fuller’s earth differs from clay in being more fine- 
grained and containing more waters of hydration. Also, 
it is non-plastic in that it crumbles into mud when 
mixed with water. It has been used to absorb nitro- 
glycerin in the manufacture of straight dynamites. 


FULMINATE BLASTING CAP — A blasting cap invented 


by Swedish inventor and entrepreneur Alfred Bern- 
hard Nobel (1833-1896) in 1867. It consisted of mer- 
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cury(I) fulminate in a small-diameter, closed copper 
tube (cup), and in use it was crimped to the end of a 
blasting safety fuse and inserted into the high explo- 
sive that was to be detonated. 


FULMINATE ION — [CNO] — An ion [___ + 


composed of one atom each of car- C=N-O- 


bon, nitrogen and oxygen with a net 
charge of negative one. 


The fulminate ion has the same chemical | N=C—o- 
composition as the cyanate ion but has -— 


a different structure. 


The chemical properties of the salts of these two ions 
are very different. Cyanates are stable, whereas ful- 
minates are friction-sensitive, primary high explo- 
sives. The instability of fulminates is attributable to the 
weak, single nitrogen-oxygen bond in the fulminate 
ion. Fulminate ions are very readily oxidized to form 
highly stable gaseous molecules of nitrogen [N2] and 
carbon monoxide [CO]: 


2CNO > 2CO + No + 2e7 


The two electrons are accepted by the cation of the 
fulminate salt, forming the neutral metal. This hap- 
pens not just with easily reduced metal ions such as 
silver and mercury, but even with the alkali metal ions. 
Alkali fulminates, unlike alkali azides, are explosive. 
All fulminates are highly toxic and irritating to the skin. 


Historical: Fulminates were discovered when mercury 
was dissolved in concentrated nitric acid [HNO3] and 
the product was further reacted with ethanol 
[C2HsOH]. The explosive mercury(II) fulminate pre- 
cipitated as a heavy, white powder. This was used as 
the primary explosive in detonators and in small-arms 
primers. 


Evidently mercury(II) fulminate was made accidental- 
ly, with surprising results, by German chemist Johann 
von Léwenstern (1630-1703). It and silver(I) fulmi- 
nate were characterized in 1799-1800 by English 
chemist Edward Howard (1774-1816). A practical 
method of making silver(I) fulminate was published 
in 1802 by Italian chemistry professor Luigi Brug- 
natelli (1761-1818), and it became used as a basis for 
practical jokes and noisemakers. Silver(I) fulminate 
is still used in the snaps in Christmas crackers. 


The use of fulminates (along with several other 
chemicals and mixtures) in percussion powder for 
firearms was first demonstrated by the Scottish cler- 
gyman Alexander Forsyth (1769-1843), who was 
granted a patent in 1807. 
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FULMINATE OF MERCURY - See mercury(I] fulminate. 
FULMINATING POWDER - See yellow powder. 


FULMINATING SILVER — An obsolete term that re- 
ferred to certain extremely explosive preparations 
containing silver. In the early 19" century, two types 
of fulminating silver were recognized. The first of 
these was a black explosive substance described in 
1788 by the French chemist Claude-Louis Berthollet 
(1748-1822). It was made by the action of an ammo- 
ma solution on freshly precipitated silver oxide; it is 
now known to consist primarily of silver nitride 
[Ag3N]. The second fulminating silver was the white 
solid now known as silver fulminate, which was first 
described in 1800 by British chemist Edward Charles 
Howard (1744-1816). A simple way of preparing it 
(by pouring an ounce of alcohol onto 100 grains of 
silver nitrate, followed by the addition of an ounce of 
nitric acid) was developed in 1802 by Italian chemist 
Luigi Valentino Brugnatelli (1761-1816). At the 
time, silver fulminate was known as ‘Brugnatelli’s 
fulminating silver’ to distinguish it from the earlier, 
black material introduced by Berthollet. 


Both materials explode violently on slight impact, 
and, if made in sufficient quantity, the dry materials 
will explode under their own weight. Despite this, 
both were commercially available in the early 19" 
century from London chemical dealers, primarily for 
use in practical jokes but also in improvised intruder 
alarms. Such applications of silver fulminate survive 
in the modern silver torpedo (see torpedo, firework), 
and in the snappers used in Christmas crackers. 


A third silver compound, with explosive properties 
very similar to those of the earlier ‘fulminating silvers’, 
was discovered in 1890 by German chemist Theodor 
Curtius (1857-1928). This was silver azide, [AgN3]. 
Its explosive properties were soon well-known, but, as 
it was a costly product, it is unlikely that it was ever 
widely designated as ‘fulminating silver’ or used in 
practical joke devices. 


FUME (explosive) — The gaseous products of an explo- 
sion. For the purpose of determining high explosive 
fume class, only poisonous or toxic gases, such as 
carbon monoxide, hydrogen sulfide and nitrogen ox- 
ides are considered to be fumes. 


FUME (industrial hygiene) — Small airborne particu- 
lates usually created by heat or a chemical reaction. 
Fume particles are usually well under 10 micrometers 
in diameter and thus are capable of settling deep in 
the lungs. 
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An example of a fume is the tiny particles of smoke 
produced by pyrotechnic reactions, often in the form 
of oxides of the metallic elements present in the 
composition. 


In common usage, the word fume may be used syn- 
onymously with vapor, especially when the vapor has 
a distinct odor. 


FUME CLASS, HIGH EXPLOSIVE — (Also IME fume 
classification) — Ideally, the detonation of a commer- 
cial explosive or blasting agent produces only water 
vapor, carbon dioxide and nitrogen. In reality, poi- 
sonous fumes, such as carbon monoxide, hydrogen 
sulfide and nitrogen oxides, are usually formed, with 
some explosives being especially problematic in this 
respect. The fume class of an explosive indicates the 
nature and quantity of these undesirable gases formed 
in the detonation process. For above-ground opera- 
tions, performed in the open, fumes are not usually an 
important factor, but in underground work, the fume 
class of an explosive is an important consideration. 


Cubic Ft of Poisonous Gases 
per (1 1/4" x 8") Cartridge of 
Explosive Material 


L h 


This information is from the /nstitute of Makers of Ex- 
plosives. 


FUMED SILICA — See silica, colloidal. 


FUMITE — A name historically applied, at different 
times, to two distinctly different classes of mixtures 
and devices to produce smoke. 


Incendiary/Smoke Munitions: — During World War I 
Fumite was a mixture, containing white phosphorus, 
that had been developed in Great Britain for use in 
incendiary/smoke munitions; the name was also used 
as an adjective for those munitions in which the mix- 
ture was used, e.g., Fumite grenade. 


Insecticidal/Fumigating Smokes: — In World War II 
an insecticidal smoke-generating pyrotechnic compo- 


sition was developed in Great Britain to protect 
troops against malaria-carrying mosquitoes during 
jungle warfare; after the war, the technology was 
adapted for civilian use and a range of insecticidal 
smoke-generating products was marketed under the 
name Fumite. Currently, Fumite is a trade name for a 
range of products that generate anti-bacterial smoke 
for disinfection. 
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FUNCTIONAL GROUP (inorganic chemistry) — See ion. 


FUNCTIONAL GROUP (organic chemistry) — An atom, 
or, more commonly, a collection of atoms held to- 
gether with covalent bonds that form part of a larger 
molecule and is responsible for certain specific and 
characteristic chemical reactions. Examples of some 
common functional groups are presented below. 


Functional group | Chemical Formula 


FUNCTION TIME — For an electroexplosive device, the 
time interval between the first application of an igni- 
tion stimulus (e.g., flame, mechanical action or electric 
current) and when the first detectable operation or ef- 
fect occurs. For example, the function time for an 
electric match is commonly only a few milliseconds. 


FUNGICIDAL SMOKE - See smoke, fungicidal. 


FUNKEN RING — See magic device (magician’s fire- 
ball producer). 


FUNNEL AND ROD METHOD - (Also wire and funnel 
method, funnel and wire method) — A manual method 
for loading narrow tubes with firework composition. 
This technique is used when a composition does not 
need to be solidly compressed into a case, such as for 
lances and small colored flares. 


The empty case is supported in a vertical position. A 
funnel, which fits snuggly into the inside of the case, 
is inserted into the case, which is held vertically up- 
right. A rod (or for small diameter cases, a thick 
wire) is inserted into the funnel and casing. The com- 
position to be loaded is added to the funnel. Then 
loading and mild compaction of the composition is 
accomplished by working the rod up and down, with 
each downward stroke pressing on the portion of the 
composition already loaded into the casing. Slowly, 
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with the assistance of the up and down motion of the 
rod, the weakly compacted composition builds up 
and fills the casing. The basic process is illustrated 
below in cross section. 


Loose 
Composition 


Funnel * 


Powder Falling 
Downward 


Casing 


Weakly 
Compacted 
Powder 


It is highly recommended that the funnel and rod be 
constructed of nonferrous materials. The rod will typ- 
ically be made of wood, and the funnel made of brass 
or aluminum. 


FURILONI WHEEL — See wheel type (fireworks). 
FURNACE BLACK -— See carbon black. 


FURNACE IGNITER — A type of portfire specifically 


manufactured for igniting industrial an oil-fired or 
gas-fired furnace. An example is shown below. 


5 


URQUHART'S (1926) LTD. 


BROCK'S CRYSTAL PALACE FIREWORKS LTD 
Mermet Heenestend, Herta natant 


FUSE (noun) — From the French fusée and the Latin 


fusus, originally meaning a spindle, a wooden cylinder 
tapered at both ends, used in hand-spinning of yarn. 
The French word subsequently acquired several mean- 
ings including rocket, and fuse as described here. A 
fuse is a cord- or tube-like igniting device. Many of 
the various types are described in the entry fuse type 
and are discussed in more detail throughout this text. 


Safety notes: Cutting fuse can pose a substantial haz- 
ard, as it can result in ignition of the fuse. The possi- 
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bility of accidental ignition should always be consid- 
ered when cutting any fuse. (See fuse cutting, pyro- 
technic for more information. ) 


In virtually all covered (enclosed) fuse, but especially 
in internally burning fuse (see fuse type), the burn 
front inside the fuse may be significantly ahead of the 
point along the exterior of the fuse that exhibits visi- 
ble evidence of its burning. Accordingly, the func- 
tioning of a device with this type of fuse may occur 
significantly sooner than the appearance of its burn- 
ing fuse may suggest. This fact is sometimes not fully 
appreciated (especially when internally burning fuse 
is being used) and has resulted in serious accidents. 


Fuse vs. fuze: While these are frequently considered 
to be alternative spellings, more commonly ‘fuze’ re- 
fers to a device incorporating mechanical or electrical 
means to initiate an explosive train, especially in mil- 
itary applications. 


Historically: Fuse may also refer to a pyrotechnic 
composition. This usage, common in the 19" century, 
is now rare, but is occasionally still encountered. 


FUSE (verb) — The process of installing a fuse into, or 
attaching a fuse to, an explosive device, a pyrotech- 
nic device or a series of devices. 


The word fuse can also be used to describe the pro- 
cess of melting, such as occurs in an electrical fuse 
when it is subjected to too great an electric current. 
The word fuse in this sense is presumably related to 
the word fusion, the descriptive term for the transi- 
tion between solid and liquid phases for a given sub- 
stance. For example, the enthalpy of fusion refers to 
the thermal energy necessary to melt a substance. 


The word fuse also describes the process of the com- 
ing together of two or more entities in such a way as 
to constitute a single entity, with the boundaries of 
the original entities no longer being clearly apparent. 
Often fusion of this type is achieved by the applica- 
tion of heat to the point of melting, such as in solder- 
ing and welding. The process of fusing does not nec- 
essarily require melting. One example is when indi- 
vidual crystals of potassium nitrate cake together by 
fusing with one another over time, especially if they 
are exposed to a humid atmosphere. 


FUSE ATTACHMENT (acrial shell) — The attachment 
method must not only hold the time fuse in place, but 
also it must ensure that the high-pressure lift gases do 
not enter the aerial shell at the point of its fuse at- 
tachment. It is also useful if the attachment method 
helps to protect the fuse from mechanical damage. 
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A fuse assembly that was cut from the casing of a 
large caliber aerial shell is shown below. 
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In this case, the cross-matched end of the time fuse is 
seen on the left (A). The time fuse was inserted into the 
end of a fuse tube (B), which is seen extending to the 
right beyond the shell casing wall (C). The time fuse 
joint (not visible above) has been heavily wrapped with 
pasted string and then covered with a small piece of 
kraft paper (D). A cross-sectional drawing of this type 
of fuse assembly is illustrated below. 
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Note that not all shell designs include a fuse tube that 
passes through the shell wall, but this has become in- 
creasingly common, especially on large caliber spher- 
ical shells. The use of a fuse tube helps to achieve a 
symmetrical shell burst by igniting the shell’s burst 
charge in the center of the shell. The fuse tube may 
contain granular powder or strands of black match. 


FUSE CAP - A type of detonator (i.e., blasting cap) 
that is intended to be initiated by blasting or safety 
fuse. See plain detonator (plain detonator). 


FUSE CASING — See match pipe. 
FUSE COVER - See safety cap. 


FUSE CUTTER, BLASTING — A mechanical device for 
cutting fuse cleanly and at right angles to its long ax- 
is. This type of fuse cutter is not recommended for 
cutting detonating cord because of the danger of ini- 
tiating the somewhat sensitive explosive filling by 
pinching or scraping it in the process. A combination 
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blasting safety fuse cutter and detonator (1.e., cap) 
crimper is shown below. 


The opening in the tool’s head (A) nearest its fulcrum is 
a blasting safety fuse cutter. This opening completely 
closes as the lever arms of the tool are brought to- 
gether. The larger outer opening (B) is the crimping 
part of the tool and only closes part way to make a 
crimp in the detonator as the lever arms of the tool are 
brought together. The upper lever arm of the tool has a 
rounded shape that terminates in a point (C). This can 
be used to pierce a hole into or through a cartridge of 
explosive to allow for the insertion of a detonator. 


FUSE CUTTING, PYROTECHNIC — When cutting any 
type of fuse, it should always be assumed that there is 
a possibility that the fuse will ignite as a result of the 
cutting action. Accordingly, the operation of fuse cut- 
ting should take place safely away from other opera- 
tions and other pyrotechnic materials. The appropri- 
ate safety distance depends on the nature of the fuse 
being cut. For example, cutting lengths of visco fuse 
from a small coil of fuse may often be performed 
with reasonable safety at only 5 or 10 feet (1.5 to 3 
m) from other operations. The cutting of quick match 
from a large roll or bundle, requires a much greater 
distance (perhaps 40 or 50 feet, 12 to 15 m). This is 
because quick match produces a much greater quantity 
of fire and sparks, and the quick match can jet about 
while burning. 


Using the proper tools and methods greatly reduces 
the likelihood ofan accidental ignition of the fuse being 
cut. One of the preferred methods for cutting fuse 
that has no metal components is to use a razor-knife 
with a block of wood (shown below). 
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Another preferred method is the use of a razor-knife 
anvil cutter, such as available from garden supply 
stores (shown below). With an anvil style cutter, a 
thin sharp blade is forced against a plastic (or soft 
metal) surface so that the blade edge is parallel to and 
presses directly on the surface. 


Because of the shearing metal-on-metal action of 
scissors and the forceful pinching produced by elec- 
trical wire cutters, these tools are not appropriate for 
fuse cutting. Serious accidents have been reported 
with the use of both scissors and wire cutters. 


In situations where the accidental ignition of a fuse 
could produce especially dangerous and/or far ranging 
effects, it is appropriate to take special precautions. For 
example, if it is necessary to cut the leader fuse of an 
aerial shell at a display site, it is recommended that 
the shell first be loaded into a mortar. In that way, 
should the fuse accidentally ignite while being cut, 
and the person has taken care to not have any part of 
his or her body over the mortar, the shell should be 
more-or-less safely propelled into the air and explode 
harmlessly away from people and other fireworks. 


Some types of fuse (.g., igniter cord) manufactured for 
use in mining, include metal wire(s) in their construc- 
tion. For these fuse types, the use of the cutting tools 
shown above are not an option. For these fuse types, 
some type of wire cutter is necessary. This makes an 
accidental ignition more likely, so it is even more im- 
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portant to conduct the cutting operation safely away 
from other personnel, operations and pyrotechnics. 


FUSE, DARK — See color-change relay. 
FUSE DETONATOR -— See detonator (plain detonator). 


FUSE DIODE — (Also pyrotech- 
nic diode) — A device used to 
ensure the only one-way pas- 
sage of fire, such as might oc- A 
casionally be used in the 
chain fusing of an assemblage 
of pyrotechnic devices. For 
example, in the diagram to the ~wvvVYV 
right, A represents a set of 
four fireworks (e.g., wheel 
drivers), each of which is to 
be ignited at the same time B 
and to burn for approximately 
the same time. After set A has 
finished functioning, fire is 
intended to be transferred by 
quick match from the ends of the fireworks in set A to 
a second set of four fireworks, indicated by B. To en- 
sure simultaneous ignition of the four fireworks in B, 
they have been fused together as shown. In addition, 
pyrotechnic fuse diodes (indicated by the thick green 
arrows) have been included. This was done to ensure 
that accidental premature ignition of any of set B 
fireworks cannot cause the ignition of the wrong ends 
of the fireworks in set A. Premature ignition of set B 
could arise from things such as a buming star or 
spark igniting the quick match of set B, or from one 
of the fireworks in set A burning more rapidly than in- 
tended. In either case, the wrong ends of any un- 
burned fireworks in set A would be ignited. If the set 
A devices were wheel drivers, their ignition at the 
wrong end would be obvious to the spectators, and as 
a minimum, the intended aesthetic effect would be 
lost. 


One example ofa fuse diode, for use with quick match, 
is illustrated below in longitudinal cross section. 
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Outgoing Quick Paper Wrap 
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Illustration Credit: John Bergman 
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This quick match fuse diode can be made by the fol- 
lowing procedure: 


e Nosing (i.e., paper wraps) is attached to the ends of a 
small paper tube (approximately 0.5-inch ID and 2 
inches long, 13 mm by 50 mm). 


e A packet (approximately 0.4 inch in diameter and 1.2 
inches deep, 10 mm by 30 mm) made of a double 
thickness of heavy-duty aluminum foil is formed, us- 
ing something like a piece of wooden dowel, taking 
care not to tear the foil. 


e A small amount (approximately 1/8 teaspoon) of me- 
dium-fine grained Black Powder (approximately 4FA) 
is added to the foil packet and the end of what will be 
the incoming length of quick match is inserted above 
the powder. The foil is then pressed firmly around the 
quick match to form a seal. 


e The foil packet of Black Powder and incoming quick 
match are inserted a short distance into the paper tube 
and secured in place by tightly tying with string 
around the nosing. 


e The outgoing quick match, with a short length of 
black match exposed, is inserted into the other end of 
the paper tube and secured in place by weakly tying 
with string around the nosing. 


This quick match fuse diode operates when the in- 
coming fuse ignites the charge of Black Powder, which 
bursts through the heavy foil packet to ignite the out- 
going quick match fuse. If what was intended to be 
the outgoing fuse accidentally ignites first, the fire 
produced by the short portion of the outgoing fuse, 
inside the paper tube, should be insufficient to ignite 
the packet of Black Powder and what was intended to 
have been the incoming fuse. Thus, this device will 
only allow the one-way passage of fire through it. 


Somewhat similar fuse diode devices can be con- 
structed from other types of fuse. With the now 
common use of electrical firing systems (especially 
those supporting hundreds of individual firing cues) 
the need for fuse diodes can be eliminated in many 
applications. 


FUSEE (match) — See match, fusee. 


FUSEE (signal) — (Also railroad flare, highway flare, 
road flare or safety flare) — From the French fusée, 
originally meaning a spindle (a wooden cylinder ta- 
pered at both ends, used in hand-spinning of yarn) 
but subsequently acquiring several meanings (rocket, 
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fuse, etc.). In this context it means a tube loaded with 
pyrotechnic composition. A fusee is a long-duration 
flare that usually burns with a bright red flame and is 
used commercially as a railroad or highway distress 
warning signal. An example of a fusee is shown be- 
low, along with a cross-section illustration of its in- 
ternal construction. 
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Fusees are slow burning and are produced with burn 
times ranging from 5 to at least 30 minutes. In the 
US, fusees are approximately 0.9 inch (23 mm) in di- 
ameter and range from approximately 6 to 20 inches 
(150 to 500 mm) in length. A few examples of fusees 
are shown below. 


The actual burn time of a fusee depends to some ex- 
tent on its orientation while burning. A fusee burns 
longest when positioned vertically with its burning 
end positioned upward. 


A fusee is usually ignited by striking (1.e., forcefully 
rubbing) a special igniter composition against a strik- 
ing surface. The special striking surface composition 
is applied as a thin layer painted onto a cardboard or 
plastic covering at the top end the fusee. This striking 
surface contains red phosphorus, sometimes antimo- 
ny(III) sulfide, an abrasive and an adhesive. In the fu- 
see shown below, the striking surface is exposed by 
pulling the black tape toward the end of the fusee. 
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The striker is at the closed end of a short paper tube 
covering the end of the fusee. 


The short tube containing the striker surface has been 
removed to expose the priming composition (shown 
below) that is positioned at the top of the flare and 
extends a short distance into the fusee composition. 


Upon striking (i.e., forcefully rubbing) the priming 
composition against the striker surface, ignition is ac- 
complished, and the priming composition ignites the 
fusee composition. The priming composition contains 
potassium chlorate, fuels such as resins and charcoal, 
and a binder. Often today, the priming composition 
also contains strontium nitrate, so it burns with a 
somewhat red flame. 


Commonly, fusees burn with a red flame, and their 
compositions contain strontium nitrate, potassium 
perchlorate, resin and parafinized sawdust. Formula- 
tions vary, but that presented below is reasonably 
typical (Ellern, 1943). 


Formulation —| Parts by 
Ingredient | Weight 


Strontium nitrate 


Potassium perchlorate | 6 _ 


Wax or heavy grease 
Sawdust or wood meal ®)| 


a) Or hardwood shavings. 


Flame colors: Although fusees usually burn with a 
red-colored flame, other colors (yellow and green) 
are also available. The images below have been ad- 
justed in an attempt to more accurately present the 
colors produced. The quality of the colored flames of 
these fusees range from good (for red) to mediocre 
(for yellow) to poor (for green). 
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The two formulations presented below approximate 
those used for yellow (1) and green (2) fusees. 


Formulation | Parts by Weight‘) 
Ingredient | 


A typical yellow fusee flame spectrum is presented 
below and is dominated by the emissions of atomic 
sodium but with a substantial contribution from 
strontium monohydroxide. 


a) To the nearest 5% or 1 significant figure. 3 
A typical red fusee flame spectrum is presented be- = 
low and is primarily the result of emissions of stron- rs) 
tium monohydroxide with a small amount of emis- — 
sion from atomic sodium. This produces a relatively = 
high color-purity but slightly orangish red flame. C 
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c The result is a relatively modest-purity colored flame, 
> 40 that is far more light orange than yellow, as con- 
a firmed by its color point located on the chromaticity 
6 20 diagram presented below. 
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The slightly orangish result is confirmed by its color 
point located on the chromaticity diagram presented 
below. (See color measurement (color purity) and 
(chromaticity diagram).) 
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A typical green fusee flame spectrum is presented be- 
low and is dominated by the emissions of atomic so- 
dium with significant total contributions from stron- 
tium monohydroxide and barium monohydroxide, plus 
a long wavelength continuum. 
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No 
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Intensity (normalized) 


Wavelength (nm) 


The result is a relatively low-purity colored flame 
that is far more whitish-yellow than green, as con- 
firmed by its color point located on the chromaticity 
diagram presented below. 


In general use: Fusees are first and foremost a safety 
signal. In the US, it is a near universally recognized 
warning signal that there has been an automobile ac- 
cident or other incident. 


In fireworks: Occasionally, fusees are used as part of 
a firework display (e.g., as a long-burning lance 
setpiece). They might be used, for example, to spell 
out a name or message. They are also occasionally 
used in torch-light processions at ski areas. By far the 
most common use of fusees in firework displays in 
the US is for manual ignition of the fireworks. When 
used to ignite fireworks, a fusee may be referred to as 
a portfire, but a true portfire is different from a fusee 
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in design and composition. A fusee has the advantage 
over a true portfire in that it is longer burning, but has 
the disadvantage of producing a large, bright flame, 
which makes it difficult for the firer to see the dim 
flame and sparks produced by the delay element of an 
aerial shell. Also, the large fusee flame makes it a 
less precise means of ignition. It is also somewhat 
drossy, which can result in the occasional dropping of 
incendive debris with potential to accidently ignite 
other fireworks. 


Early fusee compositions: A collection of formula- 
tions for red fusees are presented below (Bennett, 
1936-1951). Over this time period, there was in- 
creasing use of wood sawdust and paraffin (or 
grease) as a fuel as well as the introduction of potas- 
sium perchlorate. 


Formulation —| Parts by Weight @ 
Ingredient | 1936|1941|1948|1951 


a) To two significant figures. 


Yellow and green burning fusees also have a fairly 
long history. Three formulations for these fusees are 
presented below (Bennett, 1948 and 1957). 


Parts by Weight @) 


Formulation —| Yellow | Yellow] Green 
Ingredient | 1948 | 1957 | 1948 
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a) To two significant figures. 


FUSEE (weapon) — (Also fuzee) An obsolete historical 
term for a light musket, or a person armed with one (a 
fusilier). Fusee is from the French fusil, meaning a gun. 


FUSEE EXTENDER - (Also fusee holder) — A wooden 
stick or metal tube, usually 18 inches (450 mm) or 
longer, that holds a highway distress flare (i.e., a fu- 
see). In the US, fusees are used to ignite fireworks at 
a manually ignited outdoor firework display. Two 
examples of fusee extenders are shown below. In one 
black electrical tape is used to secure a fusee to a 
wooden stick. The other consists of an electrical con- 
duit coupler on the end of %4-inch (19 mm) conduit, 
which allows for a quick replacement of the fusee, if 
needed, during the course of a display. 


While there is wide agreement that a fusee extender 
is an important part of a shooter’s safety equipment, 
there is little agreement as to the length that is appro- 
priate. With a length of 18 to 24 inches (450 to 600 
mm), it is relatively easy to remove the safety cap 
from the shell leader and to ignite the tip of its delay 
element. This length fusee extender provides a reduc- 
tion in the likelihood of serious injury from a shell 
malfunction by a factor of approximately two. Fusee 
extender lengths of 6 to 10 feet (2 to 3 m) are some- 
times used. This provides additional safety in the 
event of a shell malfunction, but it increases the like- 
lihood of improperly igniting a shell and is also in- 
convenient to use. 


FUSEE HOLDER - See fisee extender. 


FUSE, ELECTRICAL — An electric circuit component 
that interrupts the flow of current when that current 
exceeds a specified level. The limiting current of a 
fuse can range from a small fraction of an ampere to 
much more than 100 amperes. Typically, an electrical 
fuse operates by melting a thin internal conductor 
(often a wire) by the action of resistive heating from 
the passage of electric current. The word fuse, when 
used in this context, is thought to be derived from the 
verb to fuse, meaning to melt. 
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A few examples of electric fuses are shown below. 
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The pair of items on the left (A) are two views of tra- 
ditional fuses, such as are still found in electrical 
boxes in older homes. The three items on the upper 
right (B) are the type of fuse (cylindrical item in the 
center) and its mounting hardware (mostly black) 
commonly used in electrical instruments and equip- 
ment. The lower middle item (C) is the type of fuse 
commonly used today in automotive vehicles. Finally, 
the item on the lower right (D) is a combination elec- 
trical and thermal fuse. If exposed to an excessive 
electric current or if the temperature rises above a 
prescribed level, the fuse will open to prevent further 
passage of current. 


FUSEE MATCH - See match, fusee. 
FUSEE VESTA MATCH -— See match, fusee vesta. 
FUSE END-SPIT — See fuse spit. 


FUSE, GUTTA PERCHA — (Also Brunton’s fuse or 
Statham and Brunton fuse). A 19" century term that 
can refer to either Bickford fuse made waterproof by 
a coating of gutta percha, or to a now long-obsolete 
type of electric igniter. 


The principle of the latter was discovered accidentally 
in 1851 at the works of the Gutta-Percha Company in 
London. During testing of copper wire insulated with 
gutta-percha, intended for use in a submarine tele- 
graph cable, a ‘hot spot’ was observed on a length of 
wire under test. Investigation revealed that the copper 
wire (but not the insulation) had broken at that point. 
The inside surface of the insulation had become coated 
with a thin film of copper(I) sulfide [CuzS] resulting 
from the corrosion of the copper wire by sulfur used to 
“‘vulcanize’ the gutta-percha. This film conducted elec- 
tricity but, in so doing, became sufficiently hot to ignite 
the gutta-percha. This phenomenon was applied to the 
production of electric igniters by co-inventors Samuel 
Statham (1805-1864) and William Brunton (1817- 
1881). On the completion of the submarine cable be- 
tween Dover, England and Calais, France in September 
1851, cannons were fired at Dover by a person across 
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the English Channel at Calais with the use of ‘Stat- 
ham and Brunton’ fuses. 


FUSEHEAD — An alternate descrip- 
tion, used in many parts of the 
world, for an electric match. In 
the US, the electric match tip 
(without leg wires) may be re- 
ferred to as a fusehead. In the 
past, fuseheads were sold without 
leg wires attached. Fuseheads from 
two different manufacturers are 
shown at the right. (See electric 
match entries for more detailed 
information.) 


FUSE HOUSING - See fuse attachment. 


FUSE IGNITER, BLASTING SAFETY — (Also fuse 
lighter) — A type of device used in blasting and mili- 
tary operations to ignite blasting safety fuse reliably. 
This type of fuse can be quite difficult to ignite be- 
cause, when heated or exposed to flame, its asphalt 
layer tends to melt and cover its Black Powder core 
before ignition can be achieved. Furthermore, if the 
fuse is not handled carefully after being cut, some 
powder often falls out of the cut end of the fuse, so 
that the powder core is slightly recessed and thus is 
more difficult to ignite. The four devices described 
below will ignite blasting safety fuse reliably, pro- 
vided that the end of the fuse has been recently and 
cleanly cut to expose the powder core. For infor- 
mation about some other blasting safety fuse ignition 
methods, see Bickford fuse ignition methods. 


hot-wire fuse igniter — (Also hot-wire lighter) — In 
the first half of the 20" century, the blasting industry 
frequently used a fuse igniter (shown below) that re- 
sembled a firework wire-cored sparkler. These were 
ignited with a simple safety match and burned slowly 
at a temperature sufficient to ignite blasting safety 
fuse easily. 


Photo credit: David Johnson (www.miningartifacts.org) 


These fuse lighters were commonly supplied in 7, 9 
and 12-inch (180, 230 and 305 mm) lengths that 
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burned for approximately 1, 1.5 and 2 minutes, re- 
spectively. 


lead-spitter fuse igniter — (Also lead spitter fuse 
lighter) — Throughout much of the 20" century 
blasters often used a device described as a lead spitter 
fuse lighter (shown below). The device contained a 
25-foot (7.6 m) spool of a special lead-enclosed fuse, 
one end of which passed out through a fuse cutter. 


Photo credit: Ensign Bickford Co., 1915. 


This lead spitter fuse was 1/8 inch (3 mm) in diameter 
and burned at rate of 0.33 inch per second (8.5 mm/s. 
The fuse had a Black Powder core and was manufac- 
tured by a method similar to that described for the 
‘lead tube method’ in the entry VOP determination, 
method for. This fuse was easily ignited with a com- 
mon match and produced an intense jet of flame ac- 
companied by droplets of hot molten lead, which 
would readily ignite blasting safety fuse. 


percussion fuse igniter — A fuse igniter, for blast- 
ing safety fuse, having a small-arms primer as the 
source of ignition. These igniters have a spring- 
loaded firing pin that, when released by pulling the 
safety pin (on the right as shown below), impacts the 
primer. This produces a jet of fire into the end of the 
fuse (orange in color and extending to the left) being 
held in close proximity to the primer. 


Sedoarocszoceraetecstasteaettastfosi faci? 


Sueee eee 
pees 


if 
ina 


The internal components of the fuse igniter are 
shown below, specifically the spring, firing pin and 
percussion primer (left center). 
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pull-wire fuse igniter — A fuse igniter, for blasting 
safety fuse, having a pull-wire igniter as the source of 
ignition. These devices typically have the pull-wire 
igniter mounted in the end of a short paper (or very 
thin metal) tube. The friction produced when the wire 
is pulled ignites a small cup of pyrotechnic composi- 
tion. This burning composition produces a jet of fire 
directed into the end of the fuse being held in the 
tube. In the image below, the pull wire has been at- 
tached to a short, bright-orange rod (on the right) to 
serve as a handle. The fuse to be ignited (dull orange 
and extending to the left) has been inserted into the 
open end of the paper tube of the pull-wire igniter. 


After assembly as shown, this type igniter is operated 
by holding the tube in one hand and pulling briskly 
on the orange handle. The jet of fire produced inside 
the paper tube is not sufficient to erupt through the 
wall of the tube. 


FUSE, JETEX™ — See Jetex™ (Jetex fuse). 
FUSELAGE — The body of a rocket. 

FUSE LIGHTER — See fuse igniter, blasting safety. 
FUSE LOOP — See suspender, aerial shell. 


FUSE POWDER - (Also fuze powder) — A very fine, 
granular Black Powder used as the powder core in 
fuses such as visco fuse, Bickford fuse and spolettes. 


The particle size distribution of fuse powder is par- 
ticularly important in the manufacture of thread- 
wrapped, spun fuses such as visco and Bickford fuse. 
Fuse powder that flows freely, during the fuse- 
manufacturing process, is essential to produce a con- 
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tinuous core of powder in the fuse. If there are too 
many small particles, the powder may not flow suffi- 
ciently freely, resulting in gaps in the powder core. 
The presence of such gaps can extinguish the fuse, 
resulting in a misfire. On the other hand, if there are 
too few small particles in the fuse powder, the burn 
rate of the finished fuse can be erratic and much 
greater than expected, potentially with disastrous 
consequences. For example, several decades ago 
some visco fuse was manufactured with fuse powder 
that unintentionally contained too many large parti- 
cles. As a result, the fuse would occasionally burn 
almost instantaneously over an inch (25 mm) or 
more. This caused unexpectedly rapid ignition of 
fireworks that had been fitted with the defective fuse, 
resulting in injuries. 


The critical role of the fine particles of fuse powder is 
to fill the gaps (i.e., fire paths) between the larger 
particles. If the particles are not fine enough, the 
burning in the powder core can switch from the in- 
tended parallel burning to the much faster propaga- 
tive burning (see burn type, pyrotechnic). 


Within limits, careful choice of the particle size dis- 
tribution can be used to control the burn rate of a 
fuse. For example, the relatively new type of thread- 
wrapped spun fuse sometimes described as ‘vis-quick 
fuse’ is otherwise similar to normal visco fuse but has 
a burning rate of 2 inches per second (50 mm/s), 
which is approximately five times faster than that of 
normal visco fuse (approximately 0.4 inch per second 
(10 mm/s)) This is the result of carefully controlling 
the particle size of the fuse powder. 


The table below presents the particle size distribution 
for the fuse powders used in normal visco fuse, in the 
‘erratic’ burning visco fuse and in ‘vis-quick’ fuse. 
The fuse powder in the erratic-burning fuse had a 
larger percentage of coarse particles and a smaller 
percentage of fine particles than that in the normal 
visco fuse. This difference in particle size distribution 
has been deliberately increased even further in the 
fuse powder used in the ‘vis-quick’ fuse, making the 
fuse consistently fast-burning. 


Mesh Visco Fuse 
Fractions | Normal | Erratic |Vis-quick 


= 
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The particle size of the fuse powder is not the only 
factor that must be controlled to ensure proper func- 
tioning of a fuse. The correct consolidation of the 
fuse powder core is also important. If the powder is 
not properly consolidated, unintended air spaces (i.e., 
fire paths) can be left between the grains of powder. 
This can result in propagative burning, such that the 
fuse may burn many times faster than expected for 
the same type of fuse made with properly consolidated 
powder. There are no outward signs that such a fuse is 
faulty, which makes it especially hazardous. Such de- 
fective blasting fuse (the so-called ‘running fuse’) 
was common enough in the past to be known and 
feared by miners and quarrymen. 


FUSE PRIMING — To help ensure the ignition of various 
types of fuse (especially firework time fuse and visco 
fuse) it is useful to take measures to facilitate fire 
transfer between the ignition source and the powder 
core of the fuse. One common method is to slurry 
prime the end of the fuse, as illustrated below (see 
prime application technique), and then, while the 
prime is still wet, to dip the prime coating into fine 
granular Black Powder. This provides a substantial 
increase in the ignitable surface area in comparison to 
the small powder core of the fuse alone, as well as 
producing a highly ignitable surface. 


) LILLE, 


It is important that a fuse to be primed is freshly cut, 
to ensure that the powder core is intact and that it will 
be in contact with the burning prime. It is useful to 
cut the fuse at an angle to expose more of the powder 
core to the prime coating. 
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For large diameter fuse, rather than an angle cut, it can 
be more effective to slit the fuse for a short distance 
along its length before applying the prime coating. 
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Some examples of prime formulations are presented 
in prime compositions entry. 


As an effective alternative to fuse priming, the igni- 
tion of large diameter fuse can also be ensured by 
cross matching. 


FUSE RING — See suspender, aerial shell. 


FUSE ROPE — (Also caw-caw rope) — An ignition source, 


similar to slow match, used to ignite a series of pest 
and predator control devices over an extended period 
of time. Fuse rope is commonly made by treating a 
cotton rope so that it burns very slowly (i.e., smol- 
ders) without producing flame, similar to a firework 
punk. Burn rates vary, but roughly 0.12 inch per mi- 
nute (3 mm per minute) is typical. 


An example of fuse rope with two pest and predator 
control devices, with their fuses intertwined within the 
fuse rope, is shown below. The visco fuse on the small 
explosive charges will be ignited by the fuse rope as 
its smolder-burning progresses slowly along the length 
of the rope. The timing of the ignition of the devices 
is determined by where the devices are inserted along 
the length of rope. Typically, the fuse rope with its 
pest and predator control devices is hung from a tree 
limb or post, so that the small explosive charges fall 
to the ground as they are ignited and before they ex- 
plode. In the past in the US, when they were still al- 
lowed, cherry bombs, silver salutes and M-80s were 
commonly used with fuse rope. Today, these have 
been replaced by specially manufactured salutes de- 
signed for use as pest and predator control devices. 


FUSE, SAFETY — See safety fuse. 


FUSE SIDE IGNITION — The ignition of a fuse from 


the side, rather than at its end. A fuse that is suscepti- 
ble to side ignition can be accidentally ignited at any 
point along its length and thus may not provide the 
intended delay before the functioning of a device. 


Blasting safety fuse has thick layers of protective ma- 
terial surrounding its powder core, and consequently 
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is extremely resistant to side ignition. Visco fuse has 
a tight wrapping of lacquer-coated threads surround- 
ing its powder core and is moderately resistant to side 
ignition. In contrast, Chinese tissue-paper fuse, with 
its powder core enclosed in a thin wrap of flammable 
tissue paper, is extremely subject to side ignition. 


In consumer fireworks: In the US, there is a require- 
ment that the lead-in fuse and any internal connecting 
fuse must be resistant to side ignition. Devices (e.g., 
ground spinners) that require a restricted orifice and 
that contain less than 6 g of pyrotechnic composition 
are exempted from this requirement. 


A lead-in fuse insufficiently resistant to side ignition 
may be ignited accidently by a stray spark, or it may 
have a reduced burn time. When internal connecting 
fusing is not sufficiently resistant to side ignition, in- 
dividual tubes may fire sooner than intended, causing 
the device to perform in an incorrect and potentially 
dangerous manner. 


A simple test for sufficient resistance of a fuse to side 
ignition is that contact of the side of the fuse with the 
glowing tip of a lighted cigarette for a period of 3 
seconds must not cause the ignition of the fuse. This 
test is required in the US by the Consumer Products 
Safety Commission. It is simple and convenient, but 
obvious variability in test conditions would seem to 
make it less reproducible than is desirable in an offi- 
cially mandated test. 


In display fireworks: Bickford-style time fuse and spo- 
lettes are extremely resistant to side ignition. Quick 
match is resistant to side ignition from stray sparks, 
but the application of a flame to the match pipe, even 
for a short time, can easily cause side-ignition. Black 
match is extremely susceptible to side ignition from 
sparks and flame. This characteristic makes black 
match very useful for priming applications such as 
cross matching. 


FUSE SIDE-SPIT — See fuse-spit. 


FUSE-SPIT — The spray of fire and sparks from a burn- 
ing fuse that is capable of igniting nearby pyrotechnic 
material. Depending on its type, a fuse may produce 
side-spit, end-spit or both. 


fuse side-spit— The relatively constant, narrow jets of 
flame and sparks surrounding an externally-burning 
fuse such as visco fuse and igniter cord (see fuse type). 


An empty model of an aerial shell that has been fused 
with visco fuse is shown below. In the first (left) im- 
age, the fuse has just been ignited. In the second im- 
age, the fuse has burned to a point just inside the 
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shell and immediately produces a spray of sparks in- 
side the shell. In the third image, the still-burning 
fuse is falling away and is about to burn out. 
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As can be seen from the images, fuse side-spit has the 
potential to ignite a device as soon as the fuse burns 
through to the interior of the device; this may result 
in the premature ignition of the device. 


Side-spit can be intentionally produced by piercing or 
notching the side of a thick-walled (internally burn- 
ing) fuse at a specific location where ignition of a de- 
vice or composition is desired. 


In some types of Bickford fuse, unintended side-spit 
may also occur largely invisibly and as much as 2 or 
more inches (50 mm or more) behind the progressing 
flame front. For example, if a substantial length of 
burning Bickford-style fuse is surrounded by a pyro- 
technic composition, the composition may be ignited 
from such an occasional side-spit before the flame front 
reaches the end of the fuse to produce an end-spit. 


fuse end-spit — The final (i.e., terminal) jet of flame 
and sparks that projects from the end of piece of 
burning fuse. End-spit is intended to be the only spit 
of fire produced by an internally burning fuse such as 
blasting safety fuse, firework time fuse or a spolette. 
Externally burning fuse (e.g., visco fuse and igniter 
cord) also produces end-spit, but the burning of such 
fuse produces mostly side-spit. 


An empty model of an aerial shell that has been fused 
with a Bickford-style firework time fuse is shown be- 
low. In the first (left) image, the fuse has just been 
ignited. In the second image, the fuse has burned in- 
visibly to a point just inside the shell. In the third im- 
age, the burning of the fuse is almost complete as it 
produces a jet of fire and sparks from its terminal end. 


oi oa 


As can be seen from the images, internally burning fuse 
does not normally produce side-spit. Consequently, 
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the length of the fuse reliably determines the time delay 
between ignition of the fuse and when the fuse trans- 
fers fire by an intense end-spit. 


The length and duration of the end-spit is an im- 
portant factor in determining the reliability of the ig- 
nition of a pyrotechnic device. Different fuses have 
differing quantity and quality of end-spit. A close-up 
of the end-spit from a piece of typical firework time- 
fuse is shown below. The length of the fire is approx- 
imately 3 inches (75 mm) and the sparks project to 
approximately twice that distance. 


Ignition of an aerial shell or other device should not 
rely on fuse end-spit alone. Cross matching and/or a 
prime composition at each end of the fuse should be 
used to ensure reliable ignition of the fuse itself and 
then of the pyrotechnic composition inside the device. 


FUSE TUBE (aerial shell) — (Also fire tube or flash 
tube) — A small diameter tube mounted through the 
casing wall of a spherical shell, into which the inside 
end of a time fuse is inserted. Typically, the tube is 
filled loosely with strands of black match (or occa- 
sionally, granulated powder). A fuse tube that has 
been cut from the casing of a large-caliber spherical 
aerial shell is shown below. The fuse tube (A) has 
been cut open to expose the four small strands of 
black match (B) contained within. 
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The purpose of the loaded fuse tube is to carry fire 
from the end spit of the time fuse, quickly to the center 
of the shell. This produces a more nearly uniform ra- 
dial burning of the central break charge of the shell, 
facilitating the symmetrical explosion of the shell and 
a more uniform spread of the burning stars. 


FUSE TYPE — This entry lists many types of fuse along 


with a brief description of the fuse and its typical ap- 
plications. Most fuse types are listed as a boldfaced 
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term that is italicized, meaning that significant addi- 
tional information is located elsewhere in this text 
under that entry. An italicized, non-bold-faced term, 
as part of a fuse description, refers to another fuse 
type within this entry. 


Bickford fuse — An internally-burning fuse with a 
core of Black Powder enclosed within a substantial 
wrap of material, typically composed of twisted 
threads, paper and at least one layer of waterproofing 
material (often asphalt-based). The two principal 
ways in which Bickford-style fuses are used are as 
blasting safety fuse and as firework time fuse. The 
fuse is named after English currier William Bickford 
(1774-1834), who invented this type of fuse in or 
around 1830 (Great Britain Patent 6159, dated 1831). 


black match — (Also bare match, match or naked 
match) — A type of fuse commonly used for conveying 
fire to firework devices. It typically consists of cotton 
strings or cord impregnated and coated with a slurry 
of Black Powder (usually with an aqueous binder). 


blasting safety fuse —(A\so blasting fuse) — A type of 
Bickford fuse commonly used with plain detonators. 
It is internally burning, such that its burning will not 
communicate laterally to other blasting safety fuses. 


Borman fuse — An adjustable time-delay fuse used 
on some US Civil War (ca. 1860) iron cannon balls. 


Chinese tissue-paper fuse — (Also Chinese fuse, 
tissue-paper fuse, firecracker fuse or twisted-paper 
fuse) — A fuse formed by twisting a strip of tissue pa- 
per around a thin core of powder (e.g., Black Powder 
or a mixture of potassium chlorate and charcoal). To- 
day this type fuse is commonly used either for the ig- 
nition of small firecrackers or as a component in a 
more robust fuse used in multiple-tube devices. This 
latter fuse typically consists of three strands of the 
tissue-paper fuse with a sparse wrap of threads. 


detonating cord — (Also Detacord™, detcord, deto- 
nating fuse, detonation cord, Primacord™ or primer 
cord) — A flexible-detonating fuse consisting of a 
powdered, high-explosive material (usually PETN, 
pentaerythritol-tetranitrate) encased in a plastic, cloth 
or metal covering. Detonating cord is frequently used 
to initiate a series of separate high-explosive charges 
essentially simultaneously. Detonating cord for use in 
the oil-well industry is commonly made with a heat- 
resistant high explosive such as hexanitro-stilbene 
that is stable at the high temperatures of deep wells. 


externally-burning fuse — A type of fuse that re- 
leases a substantial amount of flame and much of the 
combustion gas through the side of the fuse as it 
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burns. This may be the result of having the pyrotechnic 
composition of the fuse coated on its exterior surface, 
as in black match. External burning can also be the 
result of having the powder core of the fuse covered 
only minimally, as with Chinese tissue-paper fuse. It 
can also be the result of having the powder core rea- 
sonably well covered, but not so well covered that it 
contains all the flame and combustion gas of the 
burning fuse, as with visco fuse. 


Because of the lack of containment of the combustion 
products, externally burning fuse exhibits fuse side- 
spit and will readily ignite other pyrotechnic material 
before the fuse has burned to completion. While 
commonly used in fireworks, externally burning fuse 
is a poor choice for timing applications. 


Some additional types of externally burning fuse are 
quick match and igniter cord. 


falling leaves fuse — A fuse-like product that closely 
resembles visco fuse in its construction and contains 
a special, brightly-burning color composition instead 
of Black Powder. When a collection of fuse pieces is 
ignited as part of the display of an aerial shell or 
rocket heading, this produces a relatively slowly fall- 
ing display of colored points of light. 


firecracker fuse — See Chinese tissue-paper fuse. 


flying fish fuse — A fuse-like product typically con- 
taining a special magnalium-trailing color composition 
instead of Black Powder. When a collection of fuse 
pieces is ignited as part of the display of an aerial 
shell or rocket heading, the pieces of fuse jet around 
in the air in a random fashion, often leaving a trail of 
sparks. 


fuse rope-—(Also caw-caw rope)— An ignition source, 

like slow match, sometimes used to ignite a series pest 
and predator control devices over an extended period 
of time. Fuse rope burns very slowly (1.e., smolders) 
without producing flame, like a firework punk. 


igniter cord — Igniter cord usually consists of a thin, 
flexible, externally-burning fuse, usually having a di- 
ameter of approximately 3/32 inch (2 to 3 mm). It 
may be covered with a sparse wrap of thin wires 
and/or threads, or it may have a thin, colored or trans- 
lucent, plastic covering. Its powder core is commonly 
formulated to undergo a Goldschmidt reaction, pro- 
ducing high temperatures. 


instantaneous fuse — A fuse that propagates or ac- 
tuates at an especially highspeed relative to other fuses 
used in the same or similar application. The term in- 
stantaneous fuse has been used to describe a wide 
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range of fuses depending on the specific area of ap- 
plication, such as fireworks, blasting, military appli- 
cations, and special effects. For example, in fireworks, 
this may include quick match and vis-quick fuse. In 
blasting, military applications, and special effects, the 
term includes shock tube and high explosive detonat- 
ing cords. 


internally-burning fuse — These types of fuse are 
relatively effective in containing all the flame and gas 
from the combustion of their powder core. This is ac- 
complished by surrounding the powder core of the 
fuse with an abundance of inert material. A long 
length of this type fuse will intermittently vent hot 
gas and potentially flame through its heavy inert out- 
er covering. This class of fuse is frequently described 
as Bickford fuse. 


Because the combustion products are contained, this 
type of fuse will not ignite other pyrotechnic material 
until the fuse has burned to completion to produce a 
spit of fire from the end of the fuse (i.e., fuse end-spit). 
Thus, this type of fuse is useful as a means of providing 
relatively accurate time delay. 


Some types of internally burning fuse are blasting 
safety fuse, firework time fuse and spolettes. 


Jetex fuse — A thin, externally-burning fuse formed 
on a central wire and used to ignite Jetex (and Jet-X) 
rocket motors. 


Lightning ThermoTube™ — A type of shock tube 
that has the useful characteristics of being initiated by 
a reasonably energetic electric match and being capa- 
ble of reliably igniting pyrotechnic materials. The 
propagation rate of thermo tube is approximately 3600 
feet per second (1100 m/s), which is very fast but only 
about half that of typical shock tube. 


Mantitor™ cord — (Also PIC or plastic igniter cord) 
— A type of plastic-jacketed igniter cord. 


plastic igniter cord — (Abbreviated PIC) — A name 
often applied to plastic-jacketed igniter cord. 


primer cord — See detonating cord. 


quarry cord — A type of igniter cord, no longer 
manufactured 


quick fuse — Any of several new types of relatively 
fast-burning fuse developed in China and used inter- 
nally in fusing multiple-tube devices, especially in 
large-boxed arrays of tubes used in professional fire- 
work displays. These fuse types range from 3/32 to 
1/8 inch (approximately 3 mm) in diameter. 
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quick match — (Also piped match or clothed match) — 
The term quick match was originally applied to black 
match, to distinguish that product from slow match. 
That usage is still employed by those respectful of 
traditional nomenclature. Commonly quick match re- 
fers to what was traditionally termed piped match or 
clothed match, namely black match enclosed in a 
loose wrapping, described as the match pipe or cas- 
ing, which usually is made of paper. The most com- 
mon uses of quick match are for the making of aerial 
shell leaders and the fusing of lancework. 


safety fuse — A term commonly applied to either of 
two substantially different types of fuse: blasting 
safety fuse or visco fuse. Thus, the term is ambiguous. 


shell leader fuse — The length of guick match be- 
tween an aerial shell’s point of ignition and its Black 
Powder lift charge. 


shock tube — (Also Nonel™ or signal tube) — A thin, 
plastic tube, typically ’* inch (3 mm) in diameter, the 
inside surface of which is coated very thinly with a 
mixture of powdered aluminum and a high explosive 
(usually HMX, cyclotetra-methylene-tetranitramine). 
When initiated by a combination of flame and pres- 
sure (i.e., shock), a chemical reaction proceeds at a 
very high rate (=6500 feet/second or ~2000 m/s) 
along its length. 


slow match — A heavy cord treated to burn very 
slowly (i.e., smolder) with a dull red glow. Histori- 
cally, slow match was used in matchlock muskets and 
for firing cannons. 


spolette — (Also spoolette, spoulette, rammed fuse or 
Roman fuse) — A type of aerial shell timing fuse con- 
sisting of a small, strong tube partially filled with 
tightly compacted Black Powder. 


Thermalite™ — A type of igniter cord formerly 
manufactured by Canadian Safety Fuse Company Ltd 
of Montreal, Quebec, Canada. 


time fuse (fireworks) — (Also timing fuse) — A fuse 
used to delay the ignition of a pyrotechnic device, 
such as an aerial shell. The most frequently used 
types of time fuse are Bickford-style fuse and 
rammed fuses (i.e., spolettes). These fuse types are 
relatively precise in their burn rate and are preferred 
in many applications. Depending on the specific ap- 
plication and construction technique, nearly any type 
of fuse can be made to perform as a time fuse. 


visco fuse — (Also cannon fuse, hobby fuse or fire- 
work safety fuse) — A lacquer and cotton-thread cov- 
ered fuse that is used on many consumer firework 
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items. It varies in diameter from approximately 1/16 
inch (1.5 mm) to heavy visco that is approximately 
1/8 inch (3 mm) in diameter, with 3/32 inch (2.2 mm) 
being the most common. 


vis-quick fuse — (Also fast-burning visco fuse) — A 
fuse product that appears much like normal 3/32-inch 
(2.2-mm) diameter visco fuse, but which has a much 
faster burn rate. The fuse was developed as a substi- 
tute for quick match on reloadable consumer firework 
aerial shells. 

FUSIBLE ALLOY — See Wood's metal. 


FUSILLADING (fireworks) — A series of shots (i.e., 
small reports) producing a sound resembling gunfire. 


FUSILLADING SHOT (fireworks) —A type of firework 
shot (see artillery shell (display fireworks)), typically 
dispersed from one or a series of aerial shells, mines 
or rocket headings, producing a sound resembling 
gunfire. 


FUSING, AERIAL SHELL — See aerial shell fusing 
(Bickford fusing). 


FUSING, REDUNDANT — See redundant fusing. 
FUSION, HEAT OF — See enthalpy of transformation. 
FUZE — See fuse 

FUZE ARMING — See arming, fuse. 

FUZEE — See fusee. 

FUZEE MATCH - See match, fusee. 

FUZE POWDER - See fuse powder. 


FX_-— Abbreviation for effect as in special effect (SPFX). 
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y (Greek letter gamma) — Symbol for heat capacity ratio. 


g — The symbol for: gram, the metric unit of mass; ac- 
celeration due to gravity on earth; and g-force. 


In rocketry: Acceleration is often measured in units of 
g, which equals 32.16 ft/s? or 9.81 m/s’. Thus, a rocket 
accelerating at 1 g, which equals 32.16 ft/s” or 9.81 
m/s*, would be accelerating at 9.81 m/s*. This method 
of representation is useful because it allows easy com- 
parison between a rocket’s thrust and its weight. 


(g) — The designation used to indicate that a substance 
in a chemical equation is a gas, for example, H2Oig) 
means gaseous water (i.e., water vapor or steam). 


GABE MORTE - See ground salute. 


GAFFER’S TAPE — A cloth tape, typically about 2 inches 
(50 mm) wide, commonly used by stage riggers to se- 
cure items when setting up various devices for per- 
formances. A somewhat old roll of white gaffer’s tape 
is shown below. 


Although gaffer’s tape looks similar to common duct 
tape, it is said to be stronger, more flexible and has an 
unusually strong and effective adhesive backing. It 
also comes in a variety of colors. Appropriately colored 
gaffer’s tape is often used to help conceal the presence 
of wires, devices and various pieces of equipment on 
stage. (A gaffer is the head of the lighting department 
on a motion picture crew.) 


In proximate audience pyrotechnics: Gaffer’s tape is 
commonly used to secure cables and wiring to the 


floor to help eliminate a trip hazard, which could 
possibly introduce an electrical fault or dangerously 
reposition a device. Gaffer’s tape may be used to 
cover and seal out sparks from a flash pot, puff pot or 
concussion mortar. The tape may also be used to help 
secure holders and preloads, as shown below. In this 
case, the tape was applied over a metal bracket at- 
tached to the pair of holders. 
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GAG (special effect) — Jargon for a physically produced 
(as opposed to computer generated) special effect, al- 
so described as a stunt. 


GAGE PRESSURE - See gauge pressure. 


GALCIT ROCKET RESEARCH PROJECT — 
(GALCIT is an acronym for Guggenheim Aeronautical 
Laboratory, California Institute of Technology) — This 
was a pioneering and wide-ranging project devoted to 
rocket research dating to the 1930s. One of the pro- 
ject’s most important accomplishments was the devel- 
opment of practical JATO (jet-assisted take-off) rock- 
ets (and propellants) for use in World War II. The 
members of the project laid the theoretical foundations 
for much of today’s rocket work as well as being lead- 
ers in the application of theory to practical problems. 


GALLIC ACID — See trihydroxy-benzoic acid. 


GALVANOMETER — An instrument that measures elec- 
trical current. 


In blasting: A galvanometer is a current-limited, re- 
sistance-sensing instrument, commonly described as 
a blasting galvanometer that is used to test a firing 
circuit that includes detonators. Technically, this in- 
strument is not a true galvanometer; rather it is a gal- 
vanometer in series with a special current-limiting 
battery. 


GAMBOGE (fireworks) — See aerial shell name and de- 
scription (specific). 


GAMMA (thermodynamics) — See heat capacity ratio. 


GAMPI TISSUE PAPER — A type of tissue paper (of 
Japanese origin) with exceptional strength and no 
grain structure. 


In fireworks: Because of its strength, gampi tissue pa- 
per is preferred for use in making parachutes deployed 
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by aerial shells and for making Chinese tissue-paper 


juse. 


GANTRY — A vertical, sometimes moveable, framework 
used in assembling and servicing large rockets such 
as the US Space Shuttle. 


GAP - Abbreviation for glycidyl azide polymer. 


GAP GAS GENERATOR - See gas generator, pyro- 
technic and glycidyl azide polymer. 


GAP SENSITIVENESS — A measure of the maximum 
distance (i.e., gap) over which a test explosive charge 
(i.e., donor), contained in a specified housing, will 
successfully propagate a detonation to an acceptor 
charge. (See gap test.) 


GAP STAGING — See rocket, multistage. 


GAP TEST — (Also card gap test or air-gap test) — A 
test to determine a high explosive’s sensitiveness to 
initiation by mechanical shock (i.e., its gap sensitive- 
ness). In essence, the test consists of two explosive 
charges (a donor charge and an acceptor charge), 
placed one on top of the other with a small space 
(i.e., gap) between them as illustrated below in cross 
section. If the gap is created with Plexiglas sheets 
(historically referred to as cards), it is commonly re- 
ferred to as a card gap test. If the gap is air filled, it is 
commonly referred to as an air-gap test. 


Detonator 


Booster 


Donor Charge 


[Distance d 


Acceptor Charge 


Witness Plate 


The test is performed repeatedly with increasingly 
wider gaps to determine the maximum gap thickness 
that still allows the donor charge to initiate the acceptor 
charge. Success may be established by whether the ac- 
ceptor charge produces a clean perforation in the steel 
witness plate beneath the acceptor charge. 
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GARDEN FIREWORKS (UK) — Fireworks of limited 
power and composition weight that are suitable for 
outdoor use in relatively confined outdoor areas. Gar- 
den fireworks are characterized as Class 2 fireworks 
in the UK firework classification system. 


GARNET LAC - See shellac. 


GARNITURE — A decoration, embellishment, adornment 
or ornamentation. 


In_ fireworks: A garniture is something added to a 
firework device to make its performance more attrac- 
tive. The term has primarily been used for the heading 
on a firework rocket that results in the rocket’s flight 
terminating with a burst of colored stars or other ef- 
fects. The assumption being made is that the main ef- 
fect ofa rocket is its ascent, which leaves a visible tail, 
and that a starburst or other effect at the end of the 
flight is an additional decoration. 


The term has also been used to describe the trajectory 
garnishment (1.e., rising effect), such as a trailing 
comet or whistle on an aerial shell. It has also been 
used to describe aerial shell enhancement technique. 


GAS — The state of matter characterized by complete 
molecular mobility and unlimited expansion. Accord- 
ingly, a gas always expands to completely fill the ves- 
sel containing it, and it assumes the shape of that ves- 
sel. A gaseous substance produced by evaporation or 
sublimation may be described as a vapor. 


In a chemical equation, a gas is designated by (g), for 
example, H,O(g) means gaseous water (i.e., water va- 


por). 
GAS BLACK -— See carbon black. 
GAS BOMB - See gas mine. 
GAS BOMB, MAGNESIUM - See gas mine, magnesium. 
GAS BOMB, RODENT - See rodent gas bomb. 


GAS CONSTANT — A constant used in some gas law 
and rocket propulsion calculations. 


universal gas constant — (Symbol: R) — (Also ide- 
al gas constant) — A constant of proportionality (R) 
between the product of gas pressure (P), gas volume 
(VY), and the product of the number of moles of gas 
(n) and temperature (7) in the ideal gas law: 


PV =nRT 
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Obviously, the value of R depends on the system of 
units used. Three values of R are presented below for 
some commonly used units: 


R 0.08206 L atm / mol K 
R = 8.314J/molK 
R 1544 ft-lbr/ mol °R 


specific gas constant — (Symbol: R') — The univer- 
sal gas constant (R) divided by the molecular weight 
(M,,) of the gas (or the effective molecular weight of 
a gas mixture): 


GAS CONSTANT PER MOLECULE — See Boltzmann 
constant. 


GASES, KINETIC-MOLECULAR THEORY OF — A phys- 
ical theory that explains the behavior of gases by as- 
suming that any gas is composed of a very large num- 
ber of very tiny particles (most often molecules) that on 
average are very far apart compared to their size. The 
molecules are assumed to exert no forces on one an- 
other, except during their perfectly elastic collisions. 


A gas corresponding to these assumptions is de- 
scribed as an ideal gas. The analysis of the behavior 
of an ideal gas according to the laws of mechanics 
leads to the gas law. The theory also predicts that the 
absolute temperature is directly proportional to the 
average kinetic energy of the molecules. Pressure is 
the result of a large number of individual collisions 
between the gas molecules and the walls of the con- 
tainer in which the gas is held. 


GASES UNDER PRESSURE - See Globally Harmonized 


System of Classification and 
Labeling of Chemicals. 


GAS FLAME EFFECT -— A 
flame effect in which the fuel 
is gaseous, typically propane 
or natural gas (mostly me- 
thane). These effects include 
flame bars, torches and larger 
flame effects, such as shown 
at the right. 


Gas flame effects are limited 
to heights of about 50 feet (15 
m) because of the difficulty in 
maintaining and propelling a 
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collimated jet of gaseous fuel. For additional infor- 
mation on the production of the above type of gas 
flame effect, see flame effect appliance and flame ef- 
fect burner. 


GAS GENERATION FOR CHEMICAL PURPOSES — 
See gas generator, pyrotechnic. 


GAS GENERATION FOR MECHANICAL ACTION — See 
gas generator, pyrotechnic. 


GAS GENERATOR, PYROTECHNIC — A device, con- 
taining a pyrotechnic composition or propellant, used 
specifically to produce gas. The generated gas may 
be used primarily to produce a mechanical effect, for 
example, inflating an automobile airbag or an aircraft 
evacuation slide, starting a diesel engine, or powering 
a mechanical actuator. In other applications, the chem- 
ical properties of the generated gas are of primary 
importance. Examples include the generation of: 


e oxygen for passenger aircraft and manned spacecraft 


e carbon monoxide/nitrogen mixtures for extermination 
of vermin 


e sulfur dioxide for fumigation 


e mixtures of flammable gases for use as fuels in duct- 
ed and gas-hybrid rocket motors. 


A pyrotechnic gas generator has the advantages over a 
compressed gas system of compactness, simplicity and 
often very long-term reliability (typically measured in 
tens of years). A pyrotechnic gas generator has the 
disadvantages that its output cannot easily be varied, 
stopped prematurely or restarted. Furthermore, a py- 
rotechnic gas generator rarely produces chemically 
pure gases. 


The essential elements of any pyrotechnic gas gen- 
erator to produce mechanical effects are illustrated in 
the example below, in cross section. 


Propellant Grain 
Metal Shell 


Frangible Closure | 
Igniter Leg Wires 
There is a provision for ignition, which may be elec- 


trical (as shown) or mechanical. Mechanical ignition 
will typically involve a firing pin impacting a sensi- 
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tive composition in an arrangement like a small-arms 
primer. The propellant is in a configuration that al- 
lows the gas to readily escape. Examples of practical 
configurations include granular pellets or pellets hav- 
ing an open core geometry. There is an exhaust port 
through which the gas is delivered, provided with a 
frangible (i.e., readily breakable) closure or seal. 


The chemical nature of the propellant determines the 
type of gas produced. When a relatively cool gas 
supply is required, special propellants with low burn 
temperatures (on the order of 1000 °C) may be used 
and, if needed, the output of the gas generator will 
pass through a simple heat exchanger. If a clean gas 
supply is required, a pyrotechnic gas generator may 
incorporate filters and chemical reaction cartridges. 


gas generation for mechanical action — In these 
applications, the primary effect of the generated gas 
is mechanical, and the chemical nature of the gas is 
of secondary importance. In practice, the generated 
gas may range from relatively pure nitrogen to vari- 
ous mixtures of nitrogen, steam and oxides of carbon. 
Some examples of gas generation to produce me- 
chanical action are discussed below. 


In an automobile airbag: See airbag, automotive. 


In a pneumatic actuator: A simplified example ofa gas 
generator for a pneumatic actuator is illustrated below 
in cross section. 


Propellant Cylinder 


Propellant Grain 
Ignition Compositon 


Igniter 
Wires 


Actuator 
Connection 


/ Actuator 
Connection 


Actuator Cylinder 


Upon activation, the propellant grain burns to pro- 
duce high-pressure gas that acts on the piston, forcing 
extension of the actuator. Such a device is a type of 
pyrotechnic actuated device and may be described as 
a cartridge-activated device. 


In a pyrotechnic motor: The driving force for the motor 
(whether linear, reciprocating or rotary) is provided by 
the high-pressure gases from a gas generator. Three 
pyrotechnic gas generator formulations used with py- 
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rotechnic motors are presented below (Taylor, 1959). 
In addition, compositions like to composite-, single- or 
double-base rocket propellants are also used. 


Formulation —| Parts by Weight 
Ingredient | 


nese 


The formulations are often forcefully compacted in the 
gas generator (e.g., at 5000 to 6000 psi, 34 to 41 MPa). 
The gases produced (at 200 to 300 psi, 1.4 to 2.1 MPa, 
and at about 600 °C) are filtered to remove particu- 
lates before they enter the motor. Various motors can 
produce from several horsepower to well over 100 
horsepower for a few minutes (Taylor, 1959). 


gas generation for chemical purposes — In these 
applications, the primary effect of the generated gas 
is chemical in nature. In practice, the generated gas 
may range from being relatively pure to various ad- 
mixtures of gas and smoke. Some examples of gas 
generation to produce chemically useful gases are 
discussed below. 


Oxygen generator: Applications include the genera- 
tion of breathable oxygen for use in passenger air- 
craft and manned space craft. For more information, 
see oxygen generator and oxygen candle. 


Nitrogen generator: Applications include the genera- 
tion of nitrogen for use in inflating passenger aircraft 
evacuation slides and life rafts. For more information, 
see nitrogen generator, pyrotechnic. 


Carbon monoxide generator: Applications include the 
generation of toxic carbon monoxide for use in the 
extermination of burrowing vermin (e.g., foxes). For 
more information, see carbon monoxide generator, 
pyrotechnic. 


Sulfur dioxide generator: Applications include the 
generation of sulfur dioxide for use in fumigation to 
control fungal spoilage of grapes. For more infor- 
mation, see sulfur dioxide generator, pyrotechnic. 
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In ducted and gas-hybrid rockets: The pyrotechnic gas 
generator produces high-temperature, fuel-rich gase- 
ous products that are injected into the rocket motor’s 
combustion chamber. In a ducted-rocket motor, these 
fuel-rich gases mix with and burn in the ram air in- 
troduced from the atmosphere. In a gas-hybrid rocket 
motor, these fuel-rich gases mix with and are burned 
by an oxidizer injected from a liquid oxidizer tank. 


GAS-HYBRID ROCKET MOTOR and GAS-HYBRID 
ROCKET — See rocket motor, gas-hybrid. 


GAS LAW — Gas laws are useful in many calculations, 
especially those relating to rocket motor performance, 
pyrotechnic gas generation and the design of pressure 
vessels for pyrotechnic instruments and devices. 


The most commonly used gas laws are those assum- 
ing that the gases involved are ideal gases (also de- 
scribed as perfect gases). Ideal gases are assumed to 
be composed of particles (atoms or molecules) that 
individually occupy no volume, have no forces of 
mutual attraction and experience elastic collisions. 


While no gas is truly ideal, these gas laws work well 
for most gases at pressures under approximately 100 
atmospheres (approximately 15,000 psi or 100 MPa) 
and at temperatures well above the boiling point of 
the liquefied gases. In the following discussion of gas 
laws, the one exception to the assumption of ideality 
is the van der Waals gas law, which corrects for the 
size of and attractive forces between gas molecules. 


Boyle’s law — (Also Marriotte’s law) — A gas law 
developed in 1662 that is attributed to English chemist 
and physicist Robert Boyle (1627-1691); it is also 
sometimes described as Marriotte’s law because the 
principle was discovered independently in 1676 by the 
French physicist Edme Marriotte (c. 1620-1684). 


For an ideal gas, Boyle’s law expresses the relation- 
ship between gas pressure (P) and volume (V) under 
conditions of constant temperature. The law asserts 
that, if the temperature and the number of moles of 
the gas remain unchanged, the volume will vary in- 
versely proportionally with the pressure. Thus, the 
product of pressure and volume is equal to a constant: 


P-V = constant, thus: P-Vj=P,-V, 
The subscripts 1 and 2 refer to initial and final states. 


Charles’ law — (Also Gay-Lussac’s law or the law of 
volumes) — A gas law attributed to French physicist 
Jacques Charles (1746-1823) in 1787; it may also be 
described as Gay-Lussac’s law, after the French chem- 
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ist and physicist Joseph Gay-Lussac (1778-1850), 
who discovered the principle independently in 1802. 


For an ideal gas, Charles’ law expresses the relation- 
ship between gas volume (V) and temperature (7) under 
conditions of constant pressure. The law asserts that, 
if the pressure and the number of moles of the gas 
remain unchanged, the volume will vary proportion- 
ally with the temperature. Thus, the ratio of volume 
and temperature is equal to a constant: 


Eire 


V 
— = aconstant, thus: 
T ie 


The subscripts 1 and 2 refer to initial and final states. 


pressure law — A gas law attributed to French 
chemist and physicist Joseph Gay-Lussac (1778- 
1850), who expressed the principle in 1802. 


For an ideal gas, the pressure law expresses the rela- 
tionship between gas pressure (P) and temperature 
(T) under conditions of constant volume. The law as- 
serts that, ifthe volume and the number of moles of the 
gas remain unchanged, the pressure will vary propor- 
tionally with the temperature. Thus, the ratio of pres- 
sure and temperature is equal to a constant: 


F_P, 


T, 


P 
— = aconstant, thus: 
i 2 


1 
The subscripts 1 and 2 refer to initial and final states. 


combined gas law — (Also general gas law) — A gas 
law derived from either the ideal gas law or from the 
combination of Boyle’s law and Charles’ law. 


For an ideal gas, the combined gas law expresses the 
relationship between pressure (P), volume (V) and 
temperature (7). The law asserts that, providing the 
number of moles of gas remains unchanged, the vol- 
ume will vary proportionally with the temperature and 
inversely with pressure. Thus, the product of pressure 
and volume divided by temperature is equal to a con- 
stant: 

eile = constant, thus: afta = fs 

T 7, 


The subscripts 1 and 2 refer to initial and final states. 


Avogadro’s law — (Also Avogadro’s principal or 
hypothesis) —A gas law stemming from the hypothesis 
developed in 1811 by Italian scientist Amedeo Avo- 
gadro (1776-1856) that equal volumes (V) of an ideal 
gas, at the same temperature and pressure, contain the 
same number of molecules. This is equivalent to stat- 
ing the volume of a gas is proportional to the number 
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of moles (n) of gas present and that the constant of 
proportionality (x) is the same for all gases: 

ES 

n 
Here, & equals 22.40 liters per mole at STP (standard 
temperature and pressure). 


ideal gas law — (Also ideal gas equation) — The ideal 
gas law is the result of melding the combined gas law 
and Avogadro’s law. It expresses the relationship be- 
tween pressure (P), volume (V), the number of moles 
of gas molecules (”) and temperature (7) for an ideal 
gas: 


P-V=n-R:T 


Here, R is the ideal gas constant. (See gas constant 
(universal gas constant).) 


Obviously, the values for the variables in the ideal gas 
equation and thus the value of R depend on the sys- 
tem of units used. For pressure in atmospheres, vol- 
ume in liters and temperature in kelvin: 


R = 0.08206 L atm / mol K 


van der Waals’ gas law — A gas law derived in 1873 
by Dutch physicist Johannes D. van der Waals (1837— 
1923) that accounts for the non-ideality of gases. This 
was accomplished by correcting for the non-zero size 
of gas molecules, which affects the volume term (V) 
in the ideal gas law and correcting for the weak forces 
of attraction between gas molecules, which affects 
the pressure term (P) in the ideal gas law. Expressed 
mathematically, the van der Waals gas law is: 


2: 
[Ps TA \(V— mb) Ret 
Here, n is the number of moles of gas, a is a constant 
depending on the inter-molecular attractive force, b is 
the volume excluded because of the size of a mole of 
gas molecules, R is the universal gas constant (the 
value of which depends on the units for the other pa- 
rameters) and 7 is temperature. 


GASLESS COMPOSITION — A pyrotechnic composition 
that produces little or no gaseous reaction products as 
it burns. The burning rates of such compositions are 
typically independent of ambient pressure. Gasless 
compositions are used in the fuses of some munitions 
and in special industrial applications, where the com- 
position is required to burn in an enclosed metal tube. 


GASLESS DELAY - See delay, gasless. 
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GAS MINE - (Also gas bomb, petrol bomb or gasoline 
bomb) — A special effect produced by propelling a 
burning liquid into the air to produce a rising yellow 
to orange fireball. Safely generating such a fireball 
(as shown below) requires skill and experience. 


Photo Credit: Tom Calderwood 


The fireball effect is not a pyrotechnic effect because 
it consists of a flammable liquid burning in air, but 
the initiation and propulsion of a gas mine is usually 
pyrotechnic in nature. Commonly, a so-called Black 
Powder bomb, a flash powder charge or sometimes 
even a charge of high explosive is used to propel and 
disperse the liquid fuel upward and into the air. 


In special effects: Gas mines are used extensively in 
battle scenes, car wrecks, plane crashes and other 
motion picture action scenes to simulate explosions 
and fires of various types. 


In fireworks: In recent years, it has become increas- 
ingly common to have gas mines (and other flame ef- 
fects) as part of a firework display. An example of a 
row of 17 gas mines is shown below. Even though 
the audience was approximately 300 feet (90 m) from 
the line of effect, the thermal impulse felt by the au- 
dience was substantial and somewhat intimidating. 


Photo Credit: Tom Calderwood 


The gas mine effect shown above is often described 
as a wall of fire, and its performance is now common 
at air shows in the US. 
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Construction: A common technique to create a gas 
mine requires a shallow cylinder or cone-shaped metal 
mortar, buried in the ground. A charge of Black 
Powder (i.e., a so-called Black Powder bomb fitted 
with one or often two electric matches) is placed at 
the bottom of the mortar. The mortar is then filled 
with the liquid fuel, which is usually contained in a 
plastic bag. This configuration for a gas mine is illus- 
trated below in cross section. 


Black Powder Bomb 


Somewhat counterintuitively, it is possible to propel 
a large amount of fuel into the air with a pyrotechnic 
charge without the liquid igniting to be fully con- 
sumed in a fireball. For this reason, the Black Powder 
bomb will often contain granular titanium (or other 
spark-producing material) for the purpose of ensuring 
ignition of the fuel as it is projected from the mortar. 
As an alternative, a spark bag may be used. This is a 
small, secondary charge of Black Powder (also ignit- 
ed with an electric match) that contains added spark- 
producing material. The spark bag would typically be 
placed either on top of the bag of fuel or a short dis- 
tance to the side of the mortar. Given the large visual 
effect of a gas mine, the spark effect is essentially in- 
visible or unnoticeable by comparison. Nonetheless, 
looking closely at the gas mines in the wall of fire ef- 
fect (shown above); the sparks can definitely be seen. 


The fuel used depends on the type of effect to be pro- 
duced. If a mostly yellow flame with only a moderate 
amount of black smoke is desired, the fuel may be 
straight gasoline. If a more orange flame with copious 
black smoke is desired, the primary fuel may be diesel 
fuel or gasoline with either added naphthalene flakes 
or motor oil. Somewhat similar flame effects, using a 
wide range of materials and equipment, are described 
in the flame effects entry. Inevitably, some of the fuel 
may fall to the ground unburned, posing a potential 
environmental problem. Accordingly, some of these 
effects are now being produced using isopropanol 
(95% rubbing alcohol), which burns with a pale- 
yellow flame and does not present a significant envi- 
ronmental concern. 


The amount of fuel, the design of the mortar and the 
size and power of the so-called Black Powder bomb 
collectively determine the size and type of effect pro- 
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duced. The use of more fuel will produce either a 
larger or longer-lasting effect, depending on the power 
of the Black Powder bomb used. A cylindrical mortar 
will project the fireball mostly upward, with longer 
mortars and more powerful Black Powder bombs 
projecting it higher. A mortar with sloping walls and 
a less powerful Black Powder bomb will produce a 
wider, more nearly ground-level fireball. 


Although gas mines may appear especially dangerous, 
in the hands of skilled operators with experience pro- 
ducing gas mines, they can be produced predictably 
and safely. 


An 8-inch (200-mm) diameter by 48-inch (1.2-m) tall 
steel mortar was used to produce the gas mine example 
shown below in a series of images. The fireball was 
produced using 8 gallons (30 L) of gasoline propelled 
upward by a 10-ounce (280 g) charge of 2FA Black 
Powder. Rather than producing a more nearly vertical 
column of fire, the use of this slower burning lift 
charge and tall mortar produced a somewhat slow ris- 
ing, rolling ball of fire, which transitioned into a per- 
sistent, black smoke ring. 


Photo credit: Bill Corbett 
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A somewhat similar aerial liquid fuel effect, but on a 
considerably smaller in scale than most gas mines, is 
produced by a type of aerial shell described as a lam- 
pare. 


GAS MINE, MAGNESIUM -— (Also magnesium petrol 
bomb) — An interesting variation of the typical spe- 
cial effect gas mine, as shown below. 


Photo Credit: Dan Stegemann 


The appearance of this spectacular, although rarely 
seen, effect combines the standard burning fuel effect 
that rises into the air from a standard gas mine, with 
the added effect of the brilliant white burning magne- 
sium flakes. 


Construction: The effect shown above was constructed 
in the hard-pack surface of a dry-lakebed in a desert, 
by first digging a hole approximately 3 feet (1 m) in 
depth and a little less than 1.5 feet (0.5 m) in diameter, 
as illustrated below in cross section. 

Ignition 

Line 


Magnesium 
Chips 


Gasoline 

plus Mg Chips 
in Plastic 

Bag 


3 Firework 
Flash Salutes 
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Three large firework flash salutes were placed at the 
bottom of the hole. These were specifically produced 
for this purpose but were roughly equivalent to 3- 
inch firework salutes. Directly on top of the salutes, a 
thick-walled, plastic bag containing approximately 5 
gallons (18 liters) of gasoline mixed with magnesium 
chips was loaded into the hole that acted somewhat as 
a mortar. The magnesium chips mixed with the gaso- 
line were thin scrap turnings from the commercial 
machining of magnesium metal. The bulk of the 
chips ranged in size from about 4 to 10 mesh, but a 
moderate amount of finer chips was also included. 
When all the magnesium had been added to the gaso- 
line, there were only a few inches of liquid gasoline 
on top of the saturated magnesium chips. This gaso- 
line-magnesium mixture was sealed in the plastic 
bag, and then it was surrounded and covered with a 
substantial additional amount of the same magnesium 
chips (without gasoline). The total weight of the mag- 
nesium chips was approximately 10 pounds (4.5 kg). 


Upon explosion of the flash salutes, first a brilliant 
ball of fire is seen, as shown below (the upper left of 
the series of images). Then, emerging from the ball of 
white fire is the first appearance of the rising gasoline 
fireball (upper right). The effect continues its devel- 
opment with the gasoline fireball becoming more 
prominent, though it is girdled by the still burning 
magnesium flakes, which also fall somewhat like rain 
from the bottom of the fireball. In the final stage of 
the effect, the prominence of the gasoline fireball 
continues to increase, and the magnesium effect con- 
tinues to wane. When viewed at night, the total dura- 
tion of the effect is 3 to 5 seconds. When viewed during 
the day, the mushroom smoke cloud that is produced 
continues to develop and rise upward for much longer. 
Virtually no unburned magnesium chips could be 
found on the ground in the vicinity where the device 
had been fired. 


Photo Credit: Dan Stegemann 
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Based on limited experimentation producing this ef- 
fect, it was concluded that: 1) the magnesium chips 
mixed with the gasoline in the thick-walled, plastic 
bag is what principally forms the vertical column of 
the effect, and 2) the magnesium chips surrounding 
and covering the gas bag principally produce the gir- 
dle and rain of burning magnesium chips. 


GASOLINE BOMB - See gas mine. 
GAS, PREMIXED — See premixed gas. 


GASS — (the plural is gassijiet) — Maltese term for /ance 
(for ground fireworks). 


GAUGE (small arms) — A measure of the bore of a 
shotgun or rifle. Gauge is determined by the number 
of spherical lead projectiles with the diameter of the 
bore that collectively weighs one pound. 


GAUGE (wire) — See wire gauge. 


GAUGE PRESSURE — (Also gage pressure) — Pressure 
has been measured relative to ambient atmospheric 
pressure and not as an absolute pressure (measured 
relative to a vacuum). Gauge pressure can be im- 
portant when studying the stress on storage vessels or 
plumbing components of fluid systems. 


GAUSSIAN DISTRIBUTION — See normal distribution. 
Gay-LUSSAC’S LAW -— See gas law (Charles’ law). 


GELATIN — [processed biological product] — {CAS 
9000-70-8} 


Gelatin is a thixotropic agent and binder occasionally 
used in pyrotechnic manufacturing. As animal or hide 
glue, it was an important adhesive in traditional fire- 
work making and an essential ingredient in the sealant 
(i.e., dip) once used for dubbing-in British-style shop 
goods. It is a heterogeneous mixture of water-soluble 
proteins obtained by boiling animal skin, ligaments, 
tendons, etc. Gelatin is colorless or slightly yellow, 
transparent, brittle, practically odorless as sheets, 
flakes or a coarse powder. 


Characteristic (a) 


>) 3 


insoluble cold, 
soluble warm 


Solubility in water 


a) Code for reference source, see preface. 
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Health information: TLV: none established; PEL- 
TWA for nuisance dusts, 10 mg/m’ (total dust) and 5 
mg/m? (respirable dust). 


Gelatin is relatively non-hazardous in routine indus- 
trial situations. It is not expected to present signifi- 
cant health risks to the workers who use it. 


UN hazard classification: not regulated. 


GELATIN (explosive), GELATIN DYNAMITE and GE- 
LATINOUS EXPLOSIVE — See blasting gelatin. 


GELATINIZING (propellants) — See colloiding. 
GEL-CELL BATTERY — See battery, electrical. 
GENERAL GAS LAW — See gas /aw (combined gas law). 


GENERALLY RECOGNIZED AS SAFE (industrial hy- 
giene) — (Abbreviated GRAS) — A phrase applied to 
US Food and Drug Administration (FDA) approved 
food additives. Many GRAS additives have been ac- 
cepted without testing because they have been used in 
limited amounts in food or food packaging for many 
years, apparently without acute or obvious ill effects. 
Chronic effects such as cancer usually have not been 
evaluated. 


Some GRAS substances are used in pyrotechnics, and 
it is important to bear in mind that when these sub- 
stances are burned or exposed to high temperatures, 
they can pose hazards that were not considered by the 
FDA. 


GENERATOR-TYPE BLASTING MACHINE — See Diast- 
ing machine. 


GENOUILLIERE — See firework name and description 
(historical). 


GEOMETRY — EFFECT ON BURN RATE — See burn rate, 
factor affecting. 


GERB — (pronounced jérb) — (Also fixt or fixed case, 
gerbe, gerb preload or jet) — (From the French gerbe, 
meaning ‘sheaf of wheat’) — A device producing a 
spray of sparks that may be used in firework display 
setpieces and in proximate audience performances as 
illustrated and shown farther below. 


If the sparks produced are not white, or especially if 
the sparks are accompanied by a colored flame from the 
device, the gerb may be referred to as a colored gerb. 


Page 601 


A gerb consists of a strong tube containing compacted 
pyrotechnic composition, and typically, it has a choke 
(i.e., nozzle) or restricted orifice that acts to increase 
the internal pressure, thus causing the sparks to be 
projected more forcefully. A simple gerb may be 
constructed as illustrated below in cross section. 


< Electric Match 


Clay Choke 
Prime Layer 


<—— Tube 


Gerb 
Composition 


Plug 


If a gerb is firmly fastened to a stationary support in a 
ground firework display, it may be referred to as a fix 
(fixt case or fixed case). Such gerbs may be arranged 
to produce pleasing geometric patterns and are tradi- 
tionally used in elaborate setpieces. An example of 
this type of setpiece is shown below. 


Gerb vs. fountain differentiation: A firework gerb dif- 
fers only slightly from a fountain, and there are sev- 
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eral points of view as to how one should differentiate 
between a fountain and a gerb. See fountain vs. gerb 
differentiation. 


Firework gerb: A firework gerb tends to be smaller 
than a fountain, does not have an attached base to 
hold it upright and often produces a more forceful 
spray of sparks. Firework gerbs commonly are no 
larger than 1 inch (25 mm) in diameter but may be 
1% inches (38 mm) or larger. They are often fastened 
to a frame (i.e., a setpiece) to produce geometric pat- 
terns, sometimes described as brightwork, especially 
when the sparks produced are bright white. 


Special effect gerb: A gerb intended for use as a stage 
effect may have an open central core that provides 
additional burning surface area to eject its sparks 
more forcefully. This also allows its electric match to 
be inserted through the base of the device. These fea- 
tures are common for many small stage gerbs, espe- 
cially those with limited burn time. Having the electric 
match entering at the base of the device is by no 
means universal, and users must check this carefully 
before any particular device is used. The internal 
structure of such a gerb is shown below along with an 
illustration in cross section that somewhat more 
clearly demonstrates its construction. 


MADE BY: LUNA TECH INC. 
4148 MOON DRIVE 
ROSS ROADS, AL 35763 
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Special effect gerbs commonly produce little or no 
burning fallout. This is accomplished by designing 
the gerb to produce a forceful spray of sparks in which 
the size of the spark-producing material is very closely 
controlled. Determining the correct particle size may 
require numerous tests, partly because titanium sponge 
in particular can vary somewhat in its porosity and 
therefore its burn time. 


A gerb may produce a very small effect, with only a 
3 to 6-foot (1 to 2 meter) spray with a duration as 
short as '%4 second, but sprays of 10 to 15 feet (3 to 
4.5 m) are more common. Gerbs that produce a spray 
of 60 feet (18 meters) and last as long as 2 minutes 
have been made, but these are quite rare. 


A gerb designed for indoor use will be labeled to 
identify the details of the effect it produces, especially 
its duration and the maximum height of the spray of 
sparks. This information will often be explicitly pre- 
sented on the gerb label; on the smallest gerbs this in- 
formation may be on the label simply as two numbers 
separated by an x, slash or hyphen, for example % x 10. 
Typically, the first number is the burn time in seconds 
and the second number is the approximate height of 
the spray in feet. 


To some extent, the density of the spark effect and 
the width of the spray of sparks may be inferred by 
the size of the gerb. Small gerbs are not likely to pro- 
duce a relatively dense or wide-spread display. One 
way to control both the density and width of the dis- 
play is to fire multiple gerbs mounted in a fan pattern, 
such as shown below. 


When such a collection of gerbs is fired, both the 
density and width of the spray of sparks can be ad- 
justed to meet the needed effect. The photograph be- 
low compares the effect produced by a single small 
gerb (left) and the array of gerbs (right) shown above. 
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Gerb composition: Fountain and gerb compositions 
usually contain titanium, ferrotitanium, cast iron, 
steel or aluminum as their spark-producing material. 
In the past, gerbs were typically made using a modi- 
fied Black Powder with coarse charcoal as the spark- 
producing material, and the sparks produced were not 
as bright and thus not as readily visible as the metallic 
sparks common today. 


Effective gerbs can be made using a whistle composi- 
tion (see whistle for formulations) that contains spark- 
producing metals. Recently, low-smoke gerbs have 
been produced. These gerbs are primarily composed 
of compacted, powdered nitrocellulose. They also 
contain spark-producing metals and can be made to 
burn with bright, quite pure, colored flames. (Non- 
Black Powder gerb compositions are preferable when 
the device is to be used indoors as a proximate audi- 
ence effect, to avoid the sulfurous-smelling smoke 
from burning Black Powder.) 


The range of the particle size of the metal powders 
used in compositions for gerbs intended for proxi- 
mate audience performances is tightly controlled. 
This helps to control the burn time of the spark parti- 
cles, thus helping to prevent sparks from falling to 
the stage floor or, in some cases, from being projected 
too high and striking the ceiling. The particle-size 
range of metal powders is not so closely controlled in 
gerbs designed for use in outdoor firework displays, 
and such gerbs are not appropriate (1.e., safe) for in- 
door use. Firework gerbs also tend to produce much 
more irritating smoke. 


colored gerb — Usually, gerbs produce white (1.e., 
silver) sparks and a small jet of whitish flame. When 
this is not the case, the gerbs may be described as 
colored gerbs, with the color of the effect included on 
its label, as shown below. 
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An example of a gerb producing straw-colored sparks 
is shown below (left). On the right are examples of 
gerbs producing white sparks, but with colored flame 
jets (which have lost substantial color purity in these 
photographic images). 


special effect gerb/fountain — It is somewhat 
common for special effect technicians to refer to 
stars (both colored and comet stars) as gerbs. Simi- 
larly, there is a tendency for special effect technicians 
(and others) to describe a gerb as a fountain. Such 
disparity between spoken language and the labels on 
the devices can potentially lead to misapplication of 
the effects, with unintended (possibly dangerous) con- 
sequences. 


cake decoration gerb — See ice fountain. 


GERB COMPOSITION -— See fountain and gerb compo- 
sition. 


GERB PRELOAD - See gerb. 
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GERB VS. FOUNTAIN DIFFERENTIATION — See foun- 
tain vs. gerb differentiation. 


GERINDOLE — See girandola. 


GERMAN DARK ALUMINUM — See aluminum, German 
dark. 


GERM CELL MUTAGEN — See Globally Harmonized 
System of Classification and Labeling of Chemicals. 


G-FORCE — (Symbol: g) — A vector measurement of 
acceleration, where | g is defined to be an accelera- 
tion that is of the same magnitude as the acceleration 
due to gravity on earth at sea level. 


By convention, the symbol for gravitational accelera- 
tion (g) should be set in italic to distinguish it from 
the abbreviation for gram (g), which is not italicized. 
Also, the symbol for the gravitational constant is a 
capital g (G). 


Sometimes g-force refers to the inertial force resulting 
from acceleration, which is usually expressed in 
pounds-force or newtons. This is a measure of the 
magnitude of acceleration relative to a local gravita- 
tional acceleration vector, rather than compared to an 
inertial reference frame. Because of confusion as to 
whether the term is being used for a force or an ac- 
celeration, it is better to call the unit of acceleration 
simply g rather than g-force. 


Multiply @ To Obtain 


1 g (acceleration) |- 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


GHOST MINE - A variation of a gas mine in which the 
ascending fireball is distinctly colored. An example, 
as seen in a firework display, is shown below. 


Photo Credit: Tom Calderwood 
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The effect is produced in a manner similar to a com- 
mon gas mine. To reliably cause the ignition of the 
fuel, the Black Powder bomb contains some titanium 
granules. (These can be seen in the above photograph 
as white sparks below the ascending fireballs.) As an 
alternative, a charge of concussion flash powder may 
be used to propel the fuel upward, as illustrated below. 


Ground Mortar 


Concussion 
Powder Charge 


The primary difference between a ghost mine and a gas 
mine is the fuel that is used (commonly methanol), 
which burns without producing incandescing carbon 
particles in its flame. For ghost mines, chemicals are 
added to the fuel to achieve the colored flames (see 
colored-flame chemistry). One set of possible fuel and 
colorants for red (1), orange (2), yellow (3), green (4) 
and blue (5) ghost mines (Jennings-White and Wilson, 
1997) is presented below. 


Formulation > Parts by Weight 
Ingredient | ( ) 


a) Lithium chloride [LiCl ] {CAS 7447-41-8}. 
b) Calcium chloride [CaClz] {CAS 10043-52-4}. 


c) Copper(ll) acetate [Cu(C2H302)2] {CAS 142-71-2} (Also 
cupric acetate). 


d) Trichloromethane [CHCls] {CAS 67-66-3} (Also 
chloroform). 


GHS —- Abbreviation for the Globally Harmonized 
System of Classification and Labeling of Chemicals. 


GIANT STEEL FOUNTAIN — See fountain type (display 
firework fountain). 


GIBBS FREE ENERGY — The maximum non-expansion 
work capable of being performed by a chemical reac- 
tion at constant temperature and pressure. Gibbs free 
energy is defined as: 
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G=H-T-S 


Here, G is the Gibbs free energy, H is the enthalpy of 
the system, 7 is the absolute temperature and S is the 
entropy of the system. The change in Gibbs free en- 
ergy in a chemical reaction is given by: 


AG = AH — T-AS 


The enthalpy change AH corresponds to the heat en- 
ergy absorbed or emitted during the reaction. The 
term T:AS gives the heat energy that is unavailable to 
do useful work, because (1) it is locked up in keeping 
each of the reaction products in its particular physical 
state at the temperature 7 and (2) it is in the form of 
internal vibrational motions of the product molecules. 


The usefulness of the Gibbs free energy is that it indi- 
cates the change in entropy in both the system and the 
surroundings. The change in entropy of the system is 
AS, while the change in entropy of the surroundings 
is — AH/T. The total entropy change AStota is given by 


AStota = AS — AH:T = —T-AG 


Thus, the total entropy change will be positive if the 
free energy change is negative. According to the Sec- 
ond Law of thermodynamics, a positive total entropy 
change corresponds to a thermodynamically sponta- 
neous process. A chemical reaction for which the 
change in Gibbs free energy is negative will therefore 
proceed spontaneously (once the activation energy re- 
quirement has been met). When the minimum Gibbs 
free energy is reached, the tendency toward further 
reaction ceases. This makes it possible, using ther- 
mochemical modeling, to predict chemical reaction 
products using a process described as free-energy 
minimization. 


Free energies of formation, under standard conditions, 
are tabulated and used in basically the same way as 
enthalpies of formation. 


GILSONITE™ — See asphaltum. 


GIMBAL — A mechanical device with a5 


two mutually perpendicular and in- 

tersecting axes of rotation. This al- f_' 
lows for free angular movement in 4 C--+-- 5 
two directions (illustrated at the Ny, 
right), on which some object is 

mounted. 


In rocketry: A gimbal is used to al- 

low the orientation of the exhaust nozzle on some 
rocket motors (or in a few cases the motors them- 
selves) as part of the guidance system for the rocket. 
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In fireworks: A gimbal, in the form of a universal joint, 
is used to accomplish the complex motions of the 
Maltese radiena wheels (see Maltese term). 


GIMBALED MOTOR (rocket) — Allows for the control 
of the direction of applied thrust in two dimensions 
when the nozzle of a rocket motor (or in a few cases 
the engine itself) is mounted on a gimbal or pivot for 
guidance purposes. Various methods are used for de- 
termining and controlling the amount of nozzle or 
engine movement. 


GIRANDOLA -— (Also gerindole, girandole, gyro wheel, 
flying saucer, flying wheel or corona) — A horizontally- 
spinning, vertically-flying firework wheel. An unusual 
firework device, usually constructed from a ring of 
plastic, light wood, bamboo or rattan with drivers 
providing turning and lifting forces. A rather small 
example of a girandola constructed using only one set 
of angled drivers is shown below. (In some cases, ro- 
tation and lift are provided by two different sets of 
drivers.) 


Photo credit: Anthony Lealand, Firework Professionals Ltd. 


In preparation for firing, the girandola is usually 
mounted on a pole. After ignition, it initially appears 
much like an ordinary horizontal wheel, rapidly rotat- 
ing with a spray of sparks. Then, while still spinning 
to provide for its flight stability, the device lifts into 
the air as a result of the collective thrust of a number 
of drivers mounted on its circumference and aimed 
mostly downward. As the device ascends, the shower 
of sparks is typically augmented with other displays 
(attached to its framework) with its most dramatic 
display occurring when the girandola has reached it 
full height. An example of the above girandola as- 
cending is shown below. 
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Photo credit: Anthony Lealand, Firework Professionals Ltd. 


With some designs, after rising into the air, the giran- 
dola will descend a moderate distance before again 
rising to its full height. (As a consumer firework, this 
may be described as a double saucer.) 


The primary disadvantage of a girandola is that when 
it has completed its operation, the solid framework and 
attached spent remnants of the fireworks fall back to 
the ground somewhere. This is obviously a greater 
potential problem for a larger girandola such as the 
one shown below and farther below at the right (be- 
fore and during its ascent). This particular girandola 
was provided with a series of four horizontal drivers to 
spin the device, and with angled drivers, to cause it to 
rise stably into the air. 


Photo credit: Tom Dimock 


Another problem for all girandolas is that their flight 
path is relatively unpredictable and significantly in- 
fluenced by the wind. Nonetheless, girandolas are a 
popular display item especially in Italy, Spain and 
Mexico (where they a described as coronas). 
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Historically, the term gi- 
randola was once used ge- 
nerically as a wheel of 
any type (see firework 
name and description (his- 
torical)). It has also been 
used to describe a flight of 
many rockets, even though 
this has nothing to do with 
the spinning device de- 
scribed here. 


GIRASOLE — See firework 
name and description (his- 
torical). 


GLASSINE PAPER — The 
somewhat translucent pa- 
per (often red) commonly used to wrap packs and 
bricks of firecrackers, to cover rising-effect comets 
attached to aerial display shells and to cover the top 
of many multiple-tube devices. Glassine paper (often 
clear) is also used as final wrap on many amateur 
rocket paper body tubes. 


Photo credit: Margie Allen 


GLASSMAN’S CRITERION — Proposed in 1959 by 
American engineer and scientist Irvin Glassman (b. 
1923), Glassman’s criterion states that a metal can 
burn as a vapor only if the boiling point of the metal 
is less than the boiling point (or decomposition tem- 
perature) of the metal oxide. This is relevant to pyro- 
technics because a metal burning as a vapor can pro- 
duce a flame, whereas a metal having a boiling point 
greater than that of its oxide can only undergo a rela- 
tively slow surface reaction as it burns. 


The basis of the criterion is the observation that the 
temperature of a burning metal is limited by the vo- 
latilization or decomposition temperature of its oxide. 
For example, a recent measurement of titanium spark 
temperature found the temperature to be 2910 °C, 
which corresponds well to the decomposition tem- 
perature of 2930 °C for titanium(IV) oxide. 


If the boiling point (or decomposition temperature) of 
the metal oxide is below the boiling point of the metal, 
then the metal cannot be converted to vapor. Of the 
elements commonly (or historically) used in pyrotech- 
nics, aluminum, calcium, magnesium, iron and zinc 
meet Glassman’s Criterion for burning as a vapor; 
boron, copper, zirconium, silicon and titanium do not. 


Glassman also proposed, in a related criterion, that a 
metal particle is pyrophoric if, at the time it is formed 
(with no surface oxide layer), it is so small that the 
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formation of the initial oxide coat by reaction with air 
generates sufficient heat to vaporize the remaining 
metal. 


GLASS REINFORCED PLASTIC — (Abbreviated GRP) 
— See fiber reinforced epoxy. 


GLAUBER’S MIXTURE and GLAUBER’S POWDER — 
See yellow powder. 


GLAZED BLACK POWDER, GLAZED POWDER and 
GLAZING — See Black Powder manufacturing. 


GLIDE PHASE — A boost glider’s flight, after completion 
of the boost and coast phases, when it acts as an un- 
powered glider. 


GLIDE RATIO — The horizontal distance travelled by a 
glider (or aircraft during non-powered flight) divided 
by the vertical distance covered during the same time 
period. For example, if a glider travels 100 feet in a 
horizontal direction while losing 20 feet of altitude, 
the glide ratio is 100/20 or 5.0. The more efficient the 
glider, the higher its glide ratio will be. 


GLIDE RECOVERY — A form of rocket recovery sys- 
tem that depends on aerodynamic lift after the boost 
and coast phases of its flight. The transformation may 
be brought about by the functioning of the motor’s 
ejection charge. 


GLITTER (fireworks) — See glitter effect. 


GLITTER CHEMISTRY -— The chemistry of the glitter 
effect 1s complex, and several different theories have 
been proposed for its explanation. Much of the chem- 
istry presented in this entry is consistent with the the- 
ory postulating that the glitter-flash reaction as that 
between aluminum and molten potassium sulfate 
(Oglesby, 1983). Plausible though this chemistry may 
be, it cannot be the whole story. It has been shown 
(Wraige, 2006) that glitter effects can be produced 
without sulfur or sulfur compounds. Evidence was 
presented that the glitter flash effect is accompanied 
by the sudden release of alkali metal vapor from 
droplets. It was demonstrated that glitter effects can 
be produced when potassium salts in the composition 
are replaced by corresponding salts of caesium, ru- 
bidium or sodium, but not of lithium. Also, iron was 
demonstrated to be particularly effective in promot- 
ing the glitter effect. Unfortunately, this work has yet 
to be fully completed. 


Glitter chemistry can be discussed in three parts: 
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e The chemistry occurring on the burning star (or in- 
side a burning fountain) that produces molten dross 
droplets, often described as spritzels. This chemistry 
is described as the ‘on-board’ reactions. 


e The chemistry occurring as the spritzel then falls 
through the air is described as the ‘spritzel’ reactions. 


e The final chemistry occurring in the spritzel to pro- 
duce the glitter flash is described as the ‘flash’ reac- 
tion. 


The desired result of glitter chemistry is the produc- 
tion of spritzels that, after a relatively long delay, 
produce large and bright glitter flashes. 


In_its simplest terms: The on-board reaction is the 
burning of a composition that produces molten dross 
that contains, possibly, among other reaction products, 
three components: 


e A high-energy fuel. (In the examples that follow, it 
will be assumed that the high-energy fuel is alumi- 
num.) 


e An alkali metal compound. 


e A compound that can react with air to form a high- 
temperature oxidizer. 


(The alkali metal compound and the high-temperature 
oxidizer may well be the same compound.) 


The basic ‘on-board’ reaction might be summarized 
by the simplified reaction: 


2KNO; + 3C +28 > 
K2S20) + 3 COr(g) + Nog) + heat 


(For simplicity, some other likely reaction products, 
such as molten potassium carbonate, are ignored.) 
The resulting dross as droplets (i.e., spritzels) sepa- 
rates and falls from the burning star (or is expelled 
from the burning fountain). 


Then, in the ‘spritzel’ reaction, air oxidation of a 
compound in the molten spritzel produces a high- 
temperature oxidizer. In the present example, the 
molten potassium disulfide is converted to the high- 
temperature oxidizer potassium sulfate in two steps, 
first to form potassium sulfide [K2S], and then to 
form potassium sulfate [K2SOu]: 


KS. + Oro > KoS +SO, + heat 
KoS + 202 > K2SO,4 + heat 
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(These reactions produce the heat needed to keep the 
spritzel incandescing during the glitter delay period.) 


Finally, the glitter ‘flash’ reaction is the reaction of 
potassium sulfate and aluminum [Al]. The trigger for 
this reaction is the combination of the buildup of po- 
tassium sulfate and an increase in the temperature of 
the spritzel (see glitter effect (glitter delay)). 


Thermochemical modeling predicts that potassium 
sulfate reacts with aluminum to produce gaseous po- 
tassium. This is consistent with the observations of 
Wraige and contrasts with Oglesby’s suggestion that 
the main reaction product would be potassium sul- 
fide. A maximum temperature of 2461 K is predicted 
to occur for the reaction: 


3 K2SO4 + 8 Al > 
6K + 4Ab03 + AlLS3 + heat 


Formulation 1 in the glitter compositions (presented 
below) typifies the above chemistry. The sodium hy- 
drogen carbonate (sodium bicarbonate) in the compo- 
sition is a flash delay agent (discussed below). 


The role of aluminum: In some glitter chemistry theo- 
ries, aluminum participates in the on-board chemistry 
to produce an intermediate fuel, before ultimately 
participating in the flash reaction. One way or another, 
aluminum seems to be an essential component of the 
metal fuel in glitter compositions. In addition to alu- 
minum metal, some aluminum alloys work very well 
(e.g., magnalium, which produces fewer, but larger, 
glitter flashes), some alloys work acceptably (e.g., 
ferroaluminum, if the aluminum content is greater 
than 30%), but some alloys apparently do not work at 
all (e.g., zirconium-aluminum and zinc-aluminum) 
Beryllium has been shown to work as a substitute for 
aluminum, but the extreme toxicity of both this metal 
and its combustion products prohibits its use. 


The role of barium nitrate: It is well known that the 
presence of some barium nitrate [Ba(NO3)2] in a glitter 
composition acts to increase glitter delay and to in- 
crease the size and brightness of the glitter flashes 
produced. The following chemistry describes how this 
is thought to be accomplished. In the on-board reac- 
tion, some barium sulfide [BaS] is produced: 


Ba(NO3)2 + 3C +S > 
BaS + 3 CO2 + No + heat 


Then, in the spritzel reaction, barium sulfate [BaSO,] 
is produced: 


BaS + 202 > BaSOxz + heat 
Finally, (in addition to the reaction between potassium 


sulfate and aluminum) a portion of the glitter flash is 
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a reaction between the barium sulfate and aluminum. 
Thermochemical modeling predicts that the maxi- 
mum temperature occurs for the reaction: 


3 BaSO, + 8 Al > 3 BaS + 4 ALO; + heat 


Apart from the fact that the barium sulfate is reduced 
to the sulfide, not to the metal, there are other differ- 
ences from the main flash reaction. Potassium sulfate 
has a melting point of 1070°C, whereas that of barium 
sulfate is 1580 °C. At the temperature of the glitter 
dross droplets (i.e., spritzels), the potassium sulfate 
will be molten and ready to react with the aluminum, 
while barium sulfate will still be solid. While barium 
sulfate is certainly capable of reacting with aluminum, 
it will be much less prone to participate in the earliest 
stages of the glitter flash reaction because it is present 
as a solid, not as a liquid. 


The partial production of barium sulfate (in addition 
to potassium sulfate) has two effects on the glitter ef- 
fect produced. First, the production of barium sulfate 
diverts some of the air oxygen from the production of 
some of the needed potassium sulfate. This acts to 
delay the onset of the flash reaction. Second, once the 
flash reaction is triggered by the increasing spritzel 
temperature and the accumulating potassium sulfate, 
the barium sulfate joins in the flash reaction, producing 
a larger and more energetic glitter flash. The maxi- 
mum temperature of the reaction of barium sulfate 
with aluminum is estimated by thermochemical mod- 
eling to be 3400 K. 


Formulation 2 in the table of glitter compositions 
(presented below) typifies the use of barium nitrate. 
Formulation 3 uses barium nitrate, but it also includes 
the high temperature oxidizer, iron(II) oxide (in 
place of antimony(II]) sulfide). It is thought that 
some delay in the onset of the glitter flash reaction is 
produced because of the thermal mass provided by 
the iron(II) oxide. Also, it will remain inert until 
high temperature is produced by the flash reaction, at 
which time it acts as an oxidizer, contributing to the 
magnitude of the flash reaction. 


The role of antimony(IIl) sulfide: It is well known that 


the presence of some antimony(III) sulfide in a glitter 
composition significantly increases glitter delay. (It is 
but one of the substances known to have this effect, 
and its prominence is partially the result of the histor- 
ical evolution of glitter compositions.) The following 
chemistry describes how antimony(III) sulfide might 
increase the glitter delay. In the on-board reaction, 
some potassium sulfide is produced: 
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2KNO3; + 3C+S > 
K2»S + 3 CO2 + No + heat 


At this point, some of the potassium sulfide produced 
can react with the antimony(III) sulfide [Sb2S3] to 
form potassium thioantimonate(II) [K3SbS83]: 


3 KoS + Sbo83 > 2 K3SbS3 + heat 


This in turn, as one of the spritzel reactions, proceeds 
to react with oxygen in the air: 


4 K3SbS3 + 302 > 6 K2S2 + 2 Sb20; 


The potassium disulfide thus formed then continues to 
react with air oxygen to eventually produce potassium 
sulfate: 


K2S2 + O2 > Ko2S + SOr + heat 
KoS + 202 > K2SO,4 + heat 


The high-temperature oxidizer, potassium sulfate, then 
goes on to participate in the flash reaction with alu- 
minum: 


3 K.SO, + 8 Al > 
6K + 4 ALO; + ALS; heat 


The above reactions are part of the normal set of glitter 
reactions, but with two added steps. These two added 
steps act to produce the increased glitter delay. Formu- 
lation 4 in the table of glitter compositions (presented 
below) typifies the use of antimony(II]) sulfide. 


Glitter composition: A few of the many different glitter 
formulations are presented below. 


Formulation > Parts by Weight 
Ingredient | (5) 


1) Based on Fish, 1981. 2 to 5) Winokur, 1978. 


Formulation 1 is typical of the simplest glitter formu- 
lations and produces yellow (i.e., gold) glitter due to 
the presence of a sodium salt. If the sodium hydrogen 
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carbonate is replaced with magnesium carbonate or 
strontium carbonate, the glitter flashes will be white 
(i.e., silver). Formulation 2 is typical of glitter formu- 
lations incorporating barium nitrate. Formulation 4 is 
typical of glitter formulations incorporating antimo- 
ny(II) sulfide and produces yellow (i.e., gold) glitter 
with a long delay. Formulation 5 uses magnalium in 
place of aluminum and produces white (i.e., silver) 
glitter with large flashes. 


The following presented formulations, while not nec- 
essarily suitable for practical application, are included 
to demonstrate the wide range of compositions that 
must be accommodated by any viable theory of glit- 
ter chemistry. Formulations 6 and 7 are for sulfur- 
free glitters. Formulations 8, 9 and 10 are glitters with- 
out potassium compounds. Formulation 11 is a glitter 
composition without nitrates. In this formulation, the 
charcoal was specified as air float and the aluminum 
was very coarse (~ 20 mesh) atomized. 


Formulation > 
Ingredient | 


Parts by Weight 


(11) 


6 to 10) Wraige, 2006 11) von Baum, 1996. 


glitter delay agent — A chemical added to a glitter 
composition for the specific purpose of delaying the 
onset of the glitter flash reaction. While both barium 
nitrate and antimony(IIJ) sulfide act to increase glitter 
delay, they are not usually considered to be delay 
agents. The collection of glitter delay agents presented 
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below introduces delay by their endothermic decom- 
position (producing carbon dioxide). 


Hydrogen 
Metal (cation) | Oxalate} Carbonate} carbonate 


X= Useful and = -0- = Not useful. 

Glitter compositions that contain aluminum have the po- 
tential for adverse reactions when these compositions 
are dampened. 

Glitter compositions that contain magnalium have the 
potential for adverse reactions when these composi- 
tions are dampened. 


a 


~ 


b 


~— 


The series of equations below provide a typical ex- 
ample of how these glitter delay agents operate by 
consuming heat as they decompose. First, strontium 
oxalate [SrC.0,4] decomposes to produce strontium 
carbonate [SrCO3], which then decomposes to produce 
strontium oxide [SrO]: 


SrC2.04 + heat > SrCO3 + CO 
SrCO3 + heat > SrO + CO, 


In this instance, the choice of a strontium-based delay 
agent, which produces strontium oxide, has the added 
benefit of increasing the size and brightness of the 
glitter flashes. How this is accomplished is presented 
below: 


2SrO + 3KoS. > 2SrS + 3 KS + SOr 


Both the strontium sulfide [SrS] and the potassium 
sulfide produced go on to participate in spritzel reac- 
tions with oxygen in the air: 


SrS + 20. > SrSOy (Tm = 1610 °C) 
KoS + 20) > K2SO4 (Tm= 1070 °C) 


At the temperature of the glitter dross droplets (i.e., 
spritzels), while the potassium sulfate will be molten 
and ready to react with the aluminum, the strontium 
sulfate [SrSOx] will still be solid due to its high melt- 
ing point (Tm). While strontium sulfate is certainly 
capable of reacting with the aluminum, since the 
strontium sulfate is solid it will be much less reactive 
than the liquid potassium sulfide in the earliest stages 
of the glitter flash reaction. 
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The partial production of strontium sulfate has two 
effects on the glitter effect produced. First, because 
its production lowered the temperature of the spritzel 


bright flash. Despite this, glitter formulations that 
produce a large number of well-delayed, but small 
flashes can be quite attractive. The basic mechanism 


and then diverted some of the oxygen acquired from 
the air away from the production of the needed potas- 
sium sulfate, it acts to further delay the onset of the 
flash reaction. Second, once the flash reaction is trig- 
gered by the accumulating potassium sulfate, the 
strontium sulfate joins in to produce a larger and 
more energetic glitter flash. 


of the glitter effect is illustrated below. 


Burning 
Pyrotechnic 


Composition 


Flame 
Envelope 


GLITTER DELAY -— See giitter effect (glitter delay). 


GLITTER DELAY AGENT - See glitter chemistry. Glowing oN , 
Dross ‘ 9 o 
GLITTER EFFECT — (The Italian term is tremolante or Droplets . , ‘ 
tremolon) — An effect that produces chemical reac- (*"Spritzels") ‘ \ \ 
tion products in the form of incandescing (i.e., glow- Delayed Glitter . 
ing) liquid droplets (i.e., dross droplets) that subse- g 
; Flashes (Yellow \ 
quently undergo a secondary reaction to produce 


\ fo) 
bright yellow or white flashes of light. The droplets oes — ‘ 
also referred to as spritzels (from the German spritzen ‘ 
meaning splash or splatter, the colloquial for rain). : 
The spritzels from a single glitter star may generate YM 
over 100 separate flashes of light. These delayed 
scintillations constitute the glitter effect, an example 
from a small glitter fountain is shown below. 


\ 
\ 
A 
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Glitter effects are commonly produced by stars and 
comets. With some difficulty, glitter effects can also 
be produced by firework wheels, fountains, gerbs, 
saxons and other firework devices. A problem may 
be experienced when glitter effects are produced by 
devices wherein the burning occurs in a confined 
space and the products are discharged through a nar- 
row orifice, as the high-pressure release through a 
narrow orifice may cause the droplets to be quite 
small. This results in small flash reactions (or possi- 
bly eliminates the flash reactions) and minimal flash 
delay times. Another difficulty is that the drossy 
products may tend to collect in the orifice; if this 
happens to a sufficient extent, there is potential for an 
explosive malfunction of the device. 


The chemistry producing glitter effects is complex and 
is discussed in a separate entry, see glitter chemistry. 


Glitter versus flitter terminology: There is disagree- 
ment among pyrotechnists related to the proper use of 
the terms glitter effect and /litter effect. There are at 
least three prevailing schools of thought on the sub- 
ject, each having some degree of historical or cultural 
validity. 


The two preferred qualities of glitter are: 1) A rela- 
tively long delay between when the dross droplet 
leaves the burning surface of the composition and 
when its flash occurs. 2) The production of a large, 


e For some, the term flitter is exclusively used to de- 
scribe only that spark effect described above in this 
entry as the glitter effect, one producing incandescent 
dross droplets terminating in a delayed flash reaction. 
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e For others, the terms flitter and glitter are used syn- 
onymously, with both referring to the effect de- 
scribed above as the glitter effect. 


e For others, the terms are clearly differentiated: 1) glit- 
ter specifically refers to the effect described above as 
the glitter effect, and 2) flitter specifically refers to the 
spark effect described elsewhere in this text as the /lit- 
ter effect, one producing persistent bright sparks (pos- 
sibly including spark branching) in which there is no 
terminal flash reaction. 


It is not the intent of this text to take a position in this 
controversy; the third position was adopted for the 
text as a matter of practical convenience. 


Historical: In 1902 British pyrotechnist Frederick 
Bishop (1862-1957) was granted a patent (British, 
No. 1508) for ‘Improvements in Sparkling Fireworks’. 
The claimed invention was a formula for producing a 
new kind of sparkling fire to be used for designs, 
setpieces and other purposes. The formulation is pre- 
sented below. 


Ingredient Sparkling Fire 


Aluminum 


Its stated advantages were brilliancy, non-liability to 
choke cases from which it is fired, being unaffected by 
climate, being stable on storage and not being liable to 
spontaneous combustion during loading or otherwise. 


By issuing the patent, the British Patent Office ac- 
cepted that the formulation was novel and inventive. 


Accordingly, this may well be the first publication of 


a glitter formulation, but such formulations may well 
have been known before and kept secret. Formula- 
tions using meal powder, charcoal, sulfur and anti- 
mony(III) sulfide were already in common use in 


display firework comets and shell stars. The addition of 


aluminum was logical, easily accomplished and prob- 
ably occurred independently more than once following 
the introduction of aluminum into pyrotechny in the 
1820s. Many combinations of these ingredients will 
produce a distinctive visual effect that would qualify 
as a glitter effect and would have quickly been rec- 
ognized as attractive and desirable. 


glitter delay — This is the phenomenon of a glitter 
dross droplet (i.e., spritzel) falling through the at- 
mosphere and not visibly reacting (except for incan- 
descing) for a period of time before finally ending in 
a flash of light. A composite of a series of individual 
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video fields (each 1/60 second, 17 ms, in duration) is 
shown below; only every other video field has been 
shown and the images are rendered without color. 


— — — 


The increasing brightness of the incandescing dross 
droplet is an indication of its increasing temperature 
just before the flash reaction is triggered. This is pre- 
sented more quantitatively in the graph below, where 
the light intensity of a glitter dross droplet is plotted 
as a function of time (i.e., video fields), counting 
backward from the onset of the flash reaction (de- 
fined as time zero). 
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Note that the light intensity (and thus the temperature) 
of the droplet remains approximately constant until 
the last six fields, at which time the temperature be- 
gins to accelerate, ultimately leading to the flash re- 
action (not included in the graph). 


Glitter flash delay time depends on details of the 
chemistry occurring in the dross droplet and on its 
size. Although droplet size and its effect on delay 
time have not been systematically measured, it seems 
apparent for a given composition, that somewhat 
small droplets have shorter delay times than large 
droplets. This is thought to be related to the effect of 
varying the surface-to-mass ratio of the droplets, which 
will act to control the relative rate of production of 
the high temperature oxidizer needed for the flash re- 
action. (See glitter chemistry.) 


glitter flash — The flash of light is produced by an 
exploding glitter droplet (i.e., spritzel). Normally, the 
droplet only flashes once. The size of the flash de- 
pends on details of the spritzel’s chemistry and ap- 
parently also on its size. To some extent this can be 
seen in the collection of images of glitter flashes pre- 
sented below (as negative black and white images). 
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Size of Flash with Distance 


These two sets of images are representative of the 
size of the glitter flashes as a function of delay time, 
in this instance it corresponds to the distance the in- 
dividual spritzel has fallen from the burning glitter 
star before its flashing. Obviously, spritzels experi- 
encing the longest delay produce the largest flashes. 
Flashes with longer delays also, on average, produce 
longer duration flash reactions as presented below. 
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Glitter delay time, flash size and flash duration de- 
pend on details of the chemistry of the dross droplet 
and apparently also on its size. Glitter droplet size is 
controlled by the complex mechanics of burning glitter 
compositions. For example, burn rate, gas production, 
star velocity and dross viscosity are all thought to be 
important factors. Although droplet size and its effect 
on flash size and duration have not been systemati- 
cally measured, it seems apparent that, for a given 
composition, small droplets produce smaller and 
shorter duration flashes than do large droplets. This is 
believed to be related to the effect of varying the sur- 
face-to-mass ratio of the droplets, which controls the 
rate of production of the high temperature oxidizer 
for the flash reaction. (See glitter chemistry.) 


Glitter flash size and delay times are also influenced 
by the particle size and shape of the metal powders 
used in the formulation, but they are not simply de- 
termined by the metal particle size. Some large and 
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very bright flashes can be produced by some small 
particle-size metal powders. 


GLITTER FLASH - See giitter effect. 


GLITTER FORMULATION — See glitter chemistry and 


comet. 
GLITTER SPARKLER -— See sparkler. 


GLOBALLY HARMONIZED SYSTEM OF CLASSIFI- 
CATION AND LABELING OF CHEMICALS (industrial 
hygiene) — (Abbreviated GHS) — By international 
consensus, the GHS is a system for classifying and 
labeling hazardous chemicals. The GHS is designed 
to streamline the hazard assessment, labeling and 
hazard communication requirements within and be- 
tween the countries that adopt the system. This is 
achieved by promoting common, consistent criteria 
for classifying chemicals according to their health, 
physical and environmental hazards, and developing 
compatible labeling, material safety data sheets 
(MSDSs) and other information based on those clas- 
sifications. The GHS attempts to resolve differences 
in MSDSs and labels between various countries. 


The availability of information concerning chemicals, 
hazards and the means to protect people is intended 
to provide a basis for the safe management of chemi- 
cals worldwide, and to result in safer conditions for 
the global population and the environment. This is al- 
so intended to benefit international trade by promoting 
consistency in the national requirements for chemical 
hazard classification and communication that interna- 
tional companies must meet. 


Areas of concern include health hazards (discussed 
below), physical hazards (discussed below) and envi- 
ronmental hazards (not addressed in this text). 


Health hazards are divided into the following areas 
of concern: 


acute toxicity — The adverse effects that occur fol- 
lowing oral or dermal (1.e., skin) administration of a 
single dose of a toxic substance, multiple doses ad- 
ministered within 24 hours or an inhalation exposure 
of 4 hours duration. 


aspiration hazard — The adverse effects from the en- 
try of liquid or solid chemical products (directly 
through the oral or nasal cavity or indirectly from 
vomiting) into the trachea and lower respiratory sys- 
tem. Aspiration toxicity includes severe acute effects 
such as chemical pneumonia, pulmonary injury and 
death. 
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carcinogen — A chemical substance or mixture of 
chemical substances that induce cancer or increase its 
incidence. Substances that have induced benign and 
malignant tumors in well-performed experimental 
studies on animals are considered to be presumed or 
suspect human carcinogens unless there is strong evi- 
dence that the mechanism of tumor formation is not 
relevant to humans. 


eye irritation —The production of changes in the eye 
following the application of a test substance to the 
anterior surface of the eye that is fully reversible 
within 21 days of application. 


germ cell mutagen — Those chemicals that may 
cause mutations in the germ cells of humans that can be 
transmitted to the progeny. The descriptive terms mu- 
tagen and mutagenic are used for agents that give rise to 
an increased occurrence of mutations in a population of 
cells and/or organisms. Whereas the terms genotoxic 
and genotoxicity apply to agents or processes that alter 
the structure, information content or segregation of 
DNA, including those that cause DNA damage by in- 
terfering with normal replication processes. 


reproductive toxicity — The adverse effects to sex- 
ual function and fertility in adult males and females 
as well as developmental toxicity in the offspring. 


respiratory sensitizer — A substance that will in- 
duce hypersensitivity of the airways following inha- 
lation of the substance. 


serious eye damage — The production of tissue 
damage in the eye or serious physical decay of vision 
following the application of a test substance to the 
anterior of the eye that is not fully reversible within 
21 days of application. 


skin corrosion — The production of irreversible 
damage to the skin following the application of a test 
substance for up to four hours. Corrosive reactions 
are typified by ulcers, bleeding, bloody scabs and 
eventual discoloration due to blanching of the skin, 
hairlessness and scars. 


skin irritation — The production of reversible dam- 
age to the skin following the application of a test sub- 
stance for up to four hours. 


skin sensitizer — A substance that will lead to an al- 
lergic response following skin contact. 


Physical hazards are divided into the following areas 
of concern: 


corrosive to metals — A substance that by chemical 
action will materially damage or destroy metals. 
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explosive article — An article containing one or 
more explosive substances or mixtures. 


explosive substance (or mixture) — A solid or 
liquid substance (or mixture of substances) that is ca- 
pable of a chemical reaction that produces gas at a tem- 
perature and pressure, and at such a speed as to cause 
damage to the surroundings. Pyrotechnic substances 
are included even when they do not evolve gas. 


pyrotechnic article — An article containing one or 
more pyrotechnic substances or mixtures. 


pyrotechnic substance (or mixture) — A solid or 
liquid substance (or mixture of substances) designed 
to produce an effect by heat, light, sound, gas or 
smoke or a combination of these effects as a result of 
non-detonative, self-sustaining, exothermic, chemical 
reactions. 


flammable aerosol — Any device capable of pro- 
ducing an aerosol that is flammable in air. (Where an 
aerosol device means any non-refillable receptacle 
made of metal, glass or plastic and containing a gas 
that is compressed, liquefied or dissolved under pres- 
sure, with or without a liquid, paste or powder, and 
fitted with a release device allowing the contents to 
be ejected as solid or liquid particles in suspension in 
a gas, as a foam, paste or powder in a liquid or gase- 
ous state.) 


flammable gas— A gas having a range of flammable 
concentrations with air at 20 °C (68 °F) and a standard 
pressure of 101.3 kPa (1 atmosphere). 


flammable liquid — A liquid having a flash point of 
not more than 90 °C (190 °F). 


flammable solid — A solid that is readily combus- 
tible or may cause or contribute to a fire. 


gases under pressure — Gases that are contained in 
a receptacle at a gauge pressure of 200 kPa (29 psi) 
or more, or that are liquefied (or liquefied by refrig- 
eration). 


organic peroxide — A liquid or solid organic sub- 
stance that contains the bivalent [-O—O-] structure 
and may be considered to be a derivative of hydrogen 
peroxide, where one or both of the hydrogen atoms 
have been replaced by an organic radical. Organic 
peroxides are thermally unstable substances or mix- 
tures that may undergo exothermic, self-accelerating 
decomposition. In addition, they can have one or 
more of the following properties: prone to explosive 
decomposition, burn rapidly, sensitive to impact or 
friction or react dangerously with other substances. 
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oxidizing gas — Any gas that can, by acting as an 
oxidizer, cause or contribute to the combustion of an- 
other material more readily than air. 


oxidizing liquid — A liquid that, while in itself is 
not necessarily combustible, can (by acting as an oxi- 
dizer) cause or contribute to the combustion of an- 
other material. 


oxidizing solid — A solid that, while in itself is not 
necessarily combustible, can (by acting as an oxidizer), 
cause or contribute to the combustion of another ma- 
terial. 


pyrophoric liquid — A liquid that, even in small 
quantities, is liable to ignite within five minutes after 
coming into contact with air. 


pyrophoric solid — A solid that, even in small 
quantities, is liable to ignite within five minutes after 
coming into contact with air. 


self-heating substances and mixtures — A liquid 
or solid substance or mixture, other than a pyrophoric 
liquid or solid, that by reaction with air and without 
externally supplied energy, is liable to self-heat. This 
substance differs from a pyrophoric liquid or solid in 
that it will ignite only when in a large quantity (kilo- 
grams or multiple pounds) or after long periods of 
time (hours or days). 


self-reactive substances and mixtures — A 
thermally unstable liquid or solid substance or mixture 
liable to undergo a strongly exothermic decomposition 
even without the participation of oxygen (air). This 
excludes substances and mixtures classified as explo- 
sives and organic peroxides. 


substances and mixtures that, in contact with 
water, emit flammable gas — A solid or liquid 
substance or mixture that, by interaction with water, 
is liable to become spontaneously flammable or to 
evolve a flammable gas in dangerous quantities. 


GLOWWORM - See snake (fireworks). 


GLUCITOL — [CeHi406] — {CAS 50-70-4} — (Also d- 
glucitol, sorbitol, d-sorbitol or hexane-1,2,3,4,5,6- 
hexol) — (This is not the same as iditol, a type of plastic 
resin that may also be described as sorbitol.) 


Sorbitol is a pyrotechnic fuel, plasticizer, flow agent, 
and in solution, it is used as a thixotropic agent and 
emulsifier. It has been used as the fuel in some ama- 
teur rocket propellants. Sorbitol is colorless as crystals 
and white as a powder. 


a) Code for reference source, see preface. 


Health information: TLV: none established. The nui- 
sance dust standard can be applied, TLV-TWA: 10 
mg/m? (inhalable dust), 3 mg/m? (respirable dust). 
Sorbitol is relatively non-hazardous in routine indus- 
trial situations. 


UN hazard classification: not regulated. 
GLUE, EPOXY — See epoxy (epoxy cement). 
GLUTINOUS RICE STARCH - See rice starch. 
GLYCERIN or GLYCERINE — See glycerol. 


GLYCEROL — [C3Hs03] — {CAS 56-81-5} — (Also 
glycerin, glycerine, 1,2,3-propanetriol, trihydroxy 
propane or glycyl alcohol) 

Glycerol is used in the production of nitroglycerin as 


used in straight dynamites and is a common minor 
ingredient in fog liquids. It is a colorless, oily, odor- 


PROBE TOREEDO = Sec roncaa jy ayorks less liquid. It solidifies after prolonged cooling to 


; form shiny orthorhombic plates. 
GLOW -— See incandescence. y P 


Structural formula: 

GLOW PLUG — A device that contains a high resistance 

wire that heats to incandesce when electric current 

passes through the wire. Glow plugs are used in diesel 

engines and small model airplane engines. Glow 

plugs produce sufficient heat to ignite most energetic 

materials; a glow plug, therefore, can be used as a 

type of hot-wire igniter for pyrotechnic and explosive 

materials (see magic device (flash paper gun)). 
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Value Structural formula: 


Characteristic 


(a) 


a) Code for reference source, see preface. 
Health information: TLV: 10 mg/m’, 


(d) = decomposes. 


UN hazard classification: not regulated. 
a) Code for reference source, see preface. 


GLYCEROL TRINITRATE — See trinitro-glycerol. Hazard: Explosive. 

GLYCEROL TRISTEARATE — [C3Hs-(CisH3sO2)s or | GLYCOL — (Also dihydric alcohol) — Any member of 
Cs7H11006] — {CAS 555-43-1} -— (Also 1,3- the family of organic compounds containing two hy- 
di(octadecanoyloxy)propan-2-yl octadecanoate, stea- droxyl [OH] groups, each bonded to a carbon atom: 


rin, stearine, glyceryl tristearate or tristearin) 


Glycerol tristearate is one of several materials that 
can be used as lubricants during the manufacture of 
flake aluminum. It persists as a thin, greasy coating 
on the flakes. It is a constituent of most natural fats. 
Glycerol tristearate is white as a powder. 


Characteristic Value 


(a) 


See alcohol. 


GLYCOL DINITRATE — See /-2-ethanediol dinitrate. 


a) Code for reference source, see preface. 


. GLYCYL ALCOHOL - See glycerol. 
Health information: TLV: none established. 


UN hazard classification: not regulated. GO GETTER — (Also scrambling comet or scattering 
comet) — An energetically self-propelled firework 

GLYCIDYL AZIDE POLYMER — [C3HsN30] — (Abbre- star. It is constructed by filling a small, thin-walled 
viated GAP) paper case with a fierce-burning color composition, 


illustrat low i ion. 
Glycidyl azide polymer is an energetic (high perfor- a ue Oe erOse escnOn 


mance) binder potentially useful in composite propel- Paper Tube Paper 
lants. When glycidyl azide polymer burns, high- End Plug 
temperature, fuel-rich combustion products are pro- 
duced and can be used in a gas generator as the fuel 
component of ducted rockets and gas-hybrid rockets. 
Uncured, it is a light-yellowish viscous liquid. 


Pyrotechnic 
Black Match Composition 
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The most effective go getters are made from non- 
aqueous bound compositions that contain ample chlo- 
rine donors (commonly a chlorinated rubber, such as 
Parlon™) and metal fuels (commonly magnalium or 
magnesium). Upon solvation, Parlon also serves as 
the binder for the composition and allows the compo- 
sition to be poured as a viscous mass into its casing, 
which is typically filled somewhat less than com- 
pletely full. Before the composition solidifies, a short 
piece of heavy black match is inserted deep into the 
composition. If the composition is too firm to readily 
accept the insertion of the black match, a tool (such 
as a nail) can be used to make a hole in the composi- 
tion for the black match. A disadvantage of the tradi- 
tional way of manufacturing go getters is the need to 
process each star individually. 


Upon ignition, the black match burns into the color 
composition, where it produces a cavity that causes the 
star to burn more fiercely as it now becomes a minia- 
ture, core-burning rocket motor (without a nozzle). The 
device has no fins or stick to stabilize its flight, so it 
flies wildly in unpredictable directions. When dis- 
charged in a substantial number from a bursting aerial 
shell, go getters produce a spectacular display. They 
must be properly constructed (and tested) to ensure 
that they will not reach the ground while still burning. 


Go getters can be distinguished from serpents, which 
perform similarly. Go getters are much smaller and 
propel themselves more vigorously than serpents. Al- 
So, go getters nearly always burn with a colored (usu- 
ally brightly colored) flame and emit few, if any, 
sparks. In contrast, serpents rarely burn with a col- 
ored flame and nearly always produce a spark trail. 
Serpents usually have a choked casing and are end- 
burning grains, whereas go getters have an unchoked 
casing and are cored-end burning grains (see propel- 
lant grain geometry (rocketry)). 


Occasionally, fiercely burning stars will weakly propel 
themselves as they burn, in a process sometimes de- 
scribed as swimming. These swimming stars are not 
designed as go getters, but some observers may be- 
lieve them to be ineffective getters. 


Go_getter composition: Any color go getter can be 
produced, and typically their relatively high-purity 
colors are a result of using an abundance of chlorine 
donor. (See colored-flame chemistry.) Their bright- 
ness is the result of the high flame temperature pro- 
duced by the burning metal fuel. Go getter formula- 
tions (Fish, 1981) for red (1), green (2) and yellow 
(3) are presented below. 
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Formulation | Parts by Weight 
Ingredient | (1) 


Strontium nitrate | 65 | — | - 


These compositions can be bound using acetone or a 
mixture of acetone and lacquer thinner as the solvent 
for the Parlon and red gum. 


GOLD (as a color in fireworks) — Often used to de- 
scribe the color of some firework effects (commonly 
sparks but also stars and other colored-fire devices) 
that are yellow or orange in color and relatively 
bright in intensity. Such effects may be produced by 
cast iron (sometimes described as Chinese fire), steel 
(brilliant fire) and sodium sources combined with 
suitable metal powders. The spark effects produced by 
an excess carbon source, either as lampblack or char- 
coal, do not have the brightness needed to fully qualify 
them to be described as gold sparks, but they may 
sometimes be so described. 


GOLDEN POWDER™ — See powder type. 


GOLDEN RAIN MATCH and GOLD MATCH — See match, 
firework. 


GOLD POWDER — See yellow sand. 


GOLD RAIN — (Also gold shower or golden shower.) — 
See rain, gold and silver. 


GOLD SPARKLER - See sparkler. 


GOLDSCHMIDT REACTION — (Also thermitic reaction) 
— Any of a number of reactions in which an active 
metal and an oxide (or similar compound, e.g., a sul- 
fide, fluoride or chloride) of a less active metal react 
in an exothermic, self-sustaining chemical reaction. 
These reactions are named after German chemist and 
entrepreneur Johann Wilhelm (Hans) Goldschmidt 
(1861-1923), who patented (German 96317) this type 
of reaction in 1895, building on the work of Russian 
chemist and metallurgist Nikolay Nikolayevich Be- 
ketov (1827-1911) some 30 years previously. The 
original reaction investigated by Goldschmidt in 
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1892 was the reduction of lead(II) sulfide [PbS] with 
aluminum. His intention was to prepare pure alumi- 
num sulfide [Al2S3], by the reaction: 


3 PbSis) + 2 Al(s) > AbLS3q) + 3 Pha 


In this, he was successful; he also noticed that the 
lead by-product was exceptionally pure and soft, and 
he was thus encouraged to investigate the reduction 
of other sulfides (and then oxides) with aluminum. In 
these reactions, the more active metal is oxidized by 
combining with sulfur, oxygen, or some other ele- 
ment (i.e., it is acting as a pyrotechnic fuel), and the 
less reactive metal is reduced from its compound 
with sulfur, oxygen or some other element (i.e., the 
compound is acting as a pyrotechnic oxidizer). Gold- 
schmidt employed a reaction of this type to produce 
chromium metal from chromium(III) oxide [Cr203] 
on a large scale, finding that it was possible to elimi- 
nate the need for any external heating by simply ig- 
niting the reaction mixture in one place, whereupon 
the reaction propagated through the whole charge. 
This process (below) is still used on an industrial 
scale to extract chromium. 


2 Als) + Cr2O3(s) > AbOsa) + 2 Cra) 


Potassium dichromate can be added to the mixture to 
increase the temperature and thus aid the separation 
of the molten metal and the slag. 


To achieve the necessary localized ignition, Gold- 
schmidt invented what he described as an ‘ignition 
cherry’. This was a small quantity of a mixture of bar- 
jum peroxide [BaO2] and aluminum, consolidated with 
a binding agent (e.g., nitrocellulose lacquer) that was 
provided with a fuse consisting of a piece of magne- 
sium ribbon. This simple device enabled the wide- 
spread use of a typical Goldschmidt reaction (i.e., the 
thermite reaction) for welding. This reaction produces 
molten iron at high temperature (~ 2400 °C): 


8 Als) + 3 Fe3Oas) > 4 AlO3q) + 9 Fea) 


The thermite reaction is still used for welding, see 
welding, pyrotechnic. 


Another example of a Goldschmidt reaction, which 
has been suggested as possibly having occasional uses 
in civilian pyrotechnics, is: 


4 Al) + 3 MnOxs) > 2 ALbOzqa) + 3 Mnv) 


In this case, the reaction temperature (estimated by 
thermochemical modeling as 2259 °C) is above the 
boiling point (2095 °C) of the manganese metal 
product. The very fast reaction rate, the formation of 
a gaseous product and the high temperature make this 
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mixture potentially useful as an inexpensive, relatively 
stable flash powder for exploding fireworks. 


Among the metals useful in Goldschmidt reactions are 
aluminum, magnesium, calcium and titanium, and the 
metalloids silicon and boron. Useful oxides include 
iron(II) oxide [Fe2O3], iron(II,II) oxide [Fe30.], 
manganese(IV) oxide [MnO], copper(II) oxide [CuO], 
lead(ILILIV) oxide [Pb30,4], chromium(III) oxide 
[Cr2O3], boron oxide [B2O3] and silicon dioxide [SiOz]. 
A few of the many possible two-component formula- 
tions are presented below (Shidlovskiy, 1964). 


Formulation > Parts by Weight 


Ingredient | 


While some Goldschmidt compositions burn quite 
slowly and are used primarily as a source of heat 
and/or molten metal, others can burn quite violently 
and be used for their explosivity. Goldschmidt com- 
positions modified with low-temperature oxidizers 
and possibly with more easily ignited fuels find ap- 
plications as priming compositions, military delay 
compositions and igniter cord compositions. 


Examples of Goldschmidt reaction mixtures, de- 
scribed as first-fire or ignition mixtures, involving 
combinations of fuels and/or oxidizers are presented 
below (Ellern, 1968). 


Formulation > 
Ingredient | 


Parts by Weight 


Examples of compositions that are basically Gold- 
schmidt reaction mixtures, but with added compo- 
nents (to facilitate their ignition), are presented below. 
Formulations 10 to 13 are for HC smoke prime, a 
prime for stars, an aluminum fountain and red ther- 
mite paper (see powder-pasted paper), respectively. 
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Formulation — Parts by Weight 
Ingredient | (10) | (11) | (12) | (13) 


a) Alloy ratio not specified. 

b) Nitrocellulose dissolved in acetone. 

c) Dextrin. d) Celluloid dissolved in amyl acetate. 
10) Ellern, 1968. 11) Hardt, 2001. 

12 and 13) Lancaster, 2006. 


Compositions such as those from formulations 10 to 12 
may be referred to generically as thermates or thermate 
mixtures. Also, some use the term thermite generically 
for all Goldschmidt reaction compositions. 


GOMMELIN — See dextrin. 


GOPHER BOMB, GOPHER GASSER or GOPHER GET- 
TER — See rodent gas bomb. 


gr — Abbreviation for grain (mass). 


GRAIN (mass) — (Symbol: gr)— An English unit of mass. 
Historically, one grain was equal to the mass of a typ- 
ical seed from common cereal grains such as wheat. 


Multiply @) To Obtain 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


b) The ounce and pound are avoirdupois units of force. 
The equivalence only applies for Earth’s gravitation ac- 
celeration. 


GRAIN (noun) — A compressed mass of pyrotechnic 
composition. In many cases (e.g., the various grades 
of Black Powder), a grain is a small, irregularly- 
shaped particle. The grains of smokeless powder, 
while small in size, are relatively uniform in shape. 
Rocket propellant grains tend to be both uniform in 
shape and comparatively large in size. 
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In fireworks: Many compositions are produced in the 
form of grains for a number of reasons: 1) they are 
more free-flowing than very fine powders and thus 
are easier to manipulate and load; 2) they are some- 
times safer to handle because they produce less dust 
in the air; 3) they will have greater burn-rate proper- 
ties because of the many fire paths existing between 
the grains; and 4) colored star compositions may be 
made into grains to be added to fountain or gerb 
compositions to produce colored spangles in the 
spray of sparks generated by the device. 


In ammunition: A grain is an archaic English unit of 
measurement, still used in weighing bullets and pow- 
der charges. One grain equals 0.06480 gram. Grain 
may also refer to a single, small piece of propellant. 


In rocketry: The solid propellant charge of a rocket 
motor, without the rocket casing (i.e., case). They are 
referred to as a case-bonded grain or cartridge- 
loaded grain as loaded into the rocket motor. A grain 
may weigh from a few milligrams to many tons and 
have a wide range of geometries (see propellant grain 
geometry (rocketry)). 


As_a verb: The word grain is sometimes used as a 
synonym for granulate. 


GRAIN ALCOHOL -— See ethanol. 
GRAIN DENSITY — See density. 


GRAINED ALUMINUM POWDER — See aluminum 
powder manufacturing method. 


GRAIN, FREE-STANDING — See cartridge-loaded grain. 
GRAIN, PAPER -— See paper grain. 
GRAIN POWDER - See Black Powder grade. 


GRAIN, PROPELLANT and GRAIN, ROCKET MOTOR 
PROPELLANT — See propellant grain. 


GRAM -— (Symbol: g) — A metric unit of mass. It was 
originally the mass of one cubic centimeter (one mil- 
liliter) of pure water at 4 °C. Now the same gram is 
officially defined in terms of the primary standard for 
mass, the kilogram. 


Multiply @ To Obtain 
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a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


GRAM ATOMIC WEIGHT, GRAM FORMULA WEIGHT 
and GRAM MOLECULAR WEIGHT — See atomic 
weight, formula weight and molecular weight, respec- 
tively. 


GRANITE STAR -— See spreader star. 


GRANULATED ALUMINUM POWDER - See aluminum 
powder manufacturing method. 


GRANULATED WOOD POWDER - See powder type 
(Schultze’s powder). 


GRANULATE (verb) — To cause a substance to be 
formed into distinct grains. This is often done by 
passing a wet composition through a screen or other 
perforated surface. The process is described below in 
some detail, see ‘Historical’. 


The term grain (as a verb) is sometimes used as a 
synonym for granulate. 


In pyrotechnics: Many compositions can be granulated 
to facilitate handling and to achieve optimal burning 
properties (see burn type, pyrotechnic). One such 
composition is polverone. 


Historical: F. M. Chertier provided a good description 
of the process of granulating with a sieve (Chertier, 
1836). 


“To form the grains, use a sifter of hide or a strainer 
made of tinplate, the holes of which should be twice 
the intended size of the grains; pass the dough 
through the strainer by pushing and rubbing it with 
the hand; the dough falls, divided into small parts, in- 
to a long box of cardboard or wood, to which at the 
same time another person imparts a horizontal 
movement sufficiently rapid for the grains to round 
themselves and acquire the correct consistency. 


As I have already indicated, if the grains agglomerate, 
dust them with the same composition pulverized and 
passed through a silk sieve, which prevents this diffi- 
culty. If, on the contrary, the dough be too dry, take it 
out of the box, dampen it a little, and pass it though 
the screen again; the grains having been made, put 
them to dry in the shade on some sieves or on some 
sheets of paper; when the grains are dry, if you want 
them to be of a uniform size, take two screens, one 
having holes of the desired dimension of the grains 
and the other having somewhat smaller holes; then 
pass the grains through the first screen, those that do 
not pass are too big and are set aside, the grains that 
are too small pass through the second screen; those 
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that remain on the second screen are good, being of 
equal size. Recombine those that are too coarse and 
too fine, make them into dough again and repeat the 
operation.” 


GRANULATED PROPELLANT — See propellant type. 


GRANULATION — Refers either to the process of forming 
small particles (i.c., granules) of a material or to the 
size of granules so formed. 


In pyrotechnics: Compositions are often granulated to 
improve their performance by increasing burning sur- 
face area and/or providing fire paths through a mass 
of material. Black Powder grade designations corre- 
spond to its various granulations (i.e., particle sizes). 


GRAPHITE — [C] — {CAS 7782-42-5} — (Also black 
lead or plumbago) 


Graphite is a crystalline form of elemental carbon 
that has several uses in pyrotechnics. It occurs natu- 
rally as a mineral in the form of soft black scales and 
is made artificially by a process (1896, US patent 
598,323) involving heating a mixture of a carbona- 
ceous material, usually coke, with sand, salt and saw- 
dust in an electric furnace. Graphite bars and similar 
objects can be made by heating petroleum coke (of- 
ten pre-formed into an appropriate shape with coal tar 
pitch) to 3000 °C in an inert atmosphere. The proper- 
ties of graphite vary considerably, depending on its 
source. Natural graphite is a soft, greasy-feeling ma- 
terial, dark gray to black in color with a metallic 
sheen. Industrially produced graphite is available as 
powders, flakes, fibers and solid masses. Some 
grades of industrial graphite can be machined into 
shapes useful in high-temperature applications. 


(s) = sublimes. 
a) Code for reference source, see preface. 


Health information: TLV: 2 mg/m’. 
UN hazard classification: not regulated. 


In pyrotechnics: Graphite burns with difficulty and is 
not used as a primary fuel. It is used in the glazing of 
Black Powder (see Black Powder manufacturing). 
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Glazing has the effect of reducing the production of 
dust during the handling or loading Black Powder 
and retarding its absorption of moisture. More im- 
portantly, glazing makes Black Powder more free 
flowing, which greatly facilitates its loading into 
tubes and cartridges. Graphite is also sometimes used 
as a lubricant to improve compaction of a composi- 
tion under mechanical pressure. 


In rocketry: Solid masses of graphite are often ma- 
chined to make rocket nozzles, especially for use in 
high-power, amateur solid-rocket motors. Graphite as 
fibers (typically in the form of cloth) may be used in 
the construction of strong, lightweight airframes. Very 
finely ground graphite is used in small amounts as an 
opacifier for composite rocket propellant grains. The 
darkening of the propellant from the use of graphite 
improves the thermal energy feedback to the burning 
surface of the grain and thus accelerates the rate of 
surface burning. At the same time, it prevents infrared 
radiation from penetrating the propellant grain. Such 
penetration can cause premature ignition in the body 
of the propellant grain, possibly resulting in a cata- 
strophic (i.e., explosive) failure of the rocket motor. 


GRAPNEL ROCKET -— See rocket, grapnel. 


GRAS (industrial hygiene) — Abbreviation for gener- 
ally recognized as safe. 


GRASSHOPPER — See English cracker. 


GRASS TREE —(Also Xanthorrhoea, yacca tree or black 
boy) 


Any of several species of Australian native plants of the 
genus Xanthorrhoea, including those from which the 
pyrotechnic fuel and binder red gum (also described 
as accroides resin) is derived. (See red gum for a de- 
scription of the method of red gum production.) A 
cluster of grass trees is shown below. 
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GRAVE TORPEDO - See torpedo, coffin. 
GRAVIMETRIC DENSITY — See density (bulk density). 
GRAY BODY - See black body. 


GREEK FIRE — A weapon of war, dating to at least as 
early as the 4" century, that was most commonly 
used to attack and burn ships. It apparently consisted 
of a flammable liquid mixture of varying viscosity 
and was not strictly pyrotechnic in nature. A burning 
stream of the material was projected either through 
the nozzle of a mechanical pump or en mass from a 
catapult. The burning stream of chemicals was nearly 
impossible to extinguish. 


Technical details of the nature of Greek fire were 
successfully kept secret for hundreds of years and are 
still the subject of scholarly conjecture. The material 
is thought to have contained oils, a naphtha-like liq- 
uid and sulfur. In later times, potassium nitrate may 
perhaps have been an ingredient, although this con- 
tinues to be debated. 


GREEK PITCH — See rosin. 


GREEN (adjective) — Jargon meaning to be involved in 
some way with fireworks, probably taking its origin 
inreference to the historical Green Man. For example, 
fireworks correspondents sometimes end their letters 
with the phrase ‘stay green’. 


In recent decades, the term green has come to mean 
ecologically or environmentally responsible. Occa- 
sionally, one may hear of a firework composition or 
device being referred to as green, not in color but be- 
cause it produces little, if any, toxic combustion 
products. 


GREEN FLAME CHEMISTRY — See colored-flame 
chemistry. 


GREEN MAN - (Also Wild Man) — A reference dating 
from Renaissance times that refers to an individual, 
often leading a celebration parade while holding a 
fire club that produced pyrotechnically aided fire and 
sparks. Typically, the Green Man was partially cov- 
ered with green leaves, which provided some level of 
protection from the sparks and was apparently the basis 
for the origin of the name Green Man. The Green 
Man was also known as the Wild Man, presumably 
from his antics, which may have included being 
showered by sparks from his fire club. 
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An original drawing appears in “The Mysteries of 
Nature and Art” by John Bate, published in London 
in 1635. The illustration below appeared on the cover 
page of part 2 of that publication (dealing with fire- 
works), dating to 1654. A drawing of the green man 
is displayed on the logo of the Pyrotechnics Guild In- 
ternational, Inc. (PGI). 


The compofing of all manner of 


Fier- W orks 


For Triumph and Reoreacion, 


Plainly and Exatlly raught 


By Joun Baru. 


p LONDON 
Primed by R= Bifhop for Andrew Crook, at the Green 
Dragon in Pauls Churchyard. 1654 


GREEN MIX and GREEN POWDER - See powder type. 


GREEN PROPELLANT — Propellant that is still wet with 
solvent or in which the binder has not fully cured. 


GREEN PYROTECHNICS — Pyrotechnic compositions 
and devices specifically designed to have minimal 
impact on the environment during their manufacture, 
use and disposal. 


GRENADE ~— A relatively small explosive or pyrotech- 
nic device that is either thrown by hand or propelled 
from a special launcher. An example of a grenade is 
the hand grenade, an explosively fragmenting anti- 
personnel device used by the military as a lethal 
weapon in some situations. 
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stun grenade — (Also diversionary device or flash- 
bang) — A hand-grenade-like device used principally 
by law enforcement personnel as a diversionary de- 
vice, sometimes described euphemistically as a flash- 
bang. They are sometimes used in hostage and crowd 
control situations. These de- 
vices are designed to ex- 
plode but not cause serious 
injury. Typically, a stun gre- 
nade is loaded with a type of 
flash powder and after a 
brief time delay, is designed 2 
to make an extremely loud ° i. 
explosion (especially when 
used indoors) with a brilliant 
flash of light. The combina- 
tion of intense sound and 
light render anyone near the 
explosion largely insensible 
for a brief interval. An ex- 
ample of a stun grenade is 
shown at right. 


A stun grenade typically consists of a plastic or paper 
casing, which does not produce lethal fragments 
when it explodes. Some of these devices have metal 
casings but are designed so that the explosion does 
not shatter the casing. They are available in various 
sizes and are commonly activated by a hand-grenade- 
like mechanism, where a pin must first be removed 
and then the grenade is thrown by hand, usually 
through a window or doorway, into the space where 
the person who is to be temporarily incapacitated is 
believed to be present. 


smoke grenade — A pyro- S388 
technic smoke generator, in- = i 
itiated much like an anti- ~~ peat 
personnel or stun grenade ee 
but with no explosive out- ? 1 & 
put. Smoke grenades are 
used as obscuring devices, 
as signaling devices or to 
disperse harassing agents. 
An example of a smoke 
grenade is shown on right. i a 


as 
Ht 


tear gas grenade — A type 
of smoke grenade dispens- 
ing an irritant that affects 
the eyes, producing excessive tearing. Tear gas gre- 
nades may be used by law enforcement for the con- 
trol of unruly crowds. An early example (re-drawn 
from US Patent 1,565,899 issued in 1925 to D. B. 
Bradner) is illustrated below in cross section. 
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———— Safety Fuse 
Metal discs with 
Openings for 
L i Smoke to Exit 
Steel Wool 


Primer | 
Composition 
Starter | 
Composition 


Smoke Generating 
Composition 


Sheet Metal 
Canister 


The technology used in these devices is very similar to 
that used in colored smokes. A cool-burning pyrolant 
is used to temporarily vaporize the irritant and generate 
large volumes of gas, in which the irritant is dispersed 
as smoke. In the early example shown above, the 
smoke composition was a mixture of nitrocellulose 
(the gas generator and heat source), and 2-chloro-1- 
phenyl ethanone as the irritant. a 

This chemical is also known as 
chloroaceto-phenone or CN, 
[CsH7ClO] {CAS 532-27-4}, 
and has the structure illustrated 
on the right. 


Magnesium oxide was included as a stabilizer. The 
starter composition was a mixture of powdered iron 
and potassium permanganate, and the primer was 
Black Powder bound to the end of the fuse by a solu- 
tion of nitrocellulose in acetone. The layer of steel wool 
cooled the generated smoke, thus preventing its igni- 
tion. 


More recently a different ir- 
ritant has been used in irri- 
tant smokes. This is 2- 
chlorobenzalmalononitrile 
(also. known as_ ortho- 
chlorobenzal-malononitrile 
or CS [CioHsCIN2] {CAS 2698-41-1}), with the 
structure as illustrated on the right. 


This substance was discovered by American chemists 
Ben Corson and Roger Stoughton in 1928 and was de- 
veloped as a riot control agent by the British Gov- 
ernment in the 1950s and 1960s. The common name 
CS was derived from the initials of the surnames of the 
two discoverers. Example formulations for generating 
irritant smoke are presented below (British Patent 
1,164,991 issued in 1966 to P. J. R. Bryant). The range 
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of formulations provides different burning rates. 
Burning rates for formulations 1 through 6 are 0.15, 
0.015, 0.67, 0.015, 0 .052, and 0.45 g/cm’ s, respec- 
tively. 


Formulation —> Parts by Weight 


ent | ay | 


a) CS = 2-chlorobenzal-malononitrile. 


Views of the US Army ABC-M7A3 riot grenade, for 
dispensing irritant smoke, are illustrated below. 


Starter 
Mixture 


Filler 


GRID ROCKET -— See firework rocket type, basic (line 
rocket). 


GROG - A type of clay containing fine particles of 
previously-fired clay that are usually identified as be- 
ing fine, medium or coarse, depending on the particle 
size. When mixed with clays, grog tends to counter- 
act shrinking, warping and cracking of clay, plus it 
adds texture. 


In rocketry: Using the properties of grog, one can 
modify the clay to maximize the desired qualities of a 
rocket nozzle. Grog also has the added capacity to 
‘bite’ into the sides of a rocket motor casing, which 
helps prevent the nozzle from blowing out during use. 


GROSS WEIGHT - The total weight of something in- 
cluding any packaging. 


GROUND (electrical) — In an electric power distribution 


system, ground is an electrical connection to earth. In 
an electronic device (or instrument), ground is an 
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electrically common (or reference) point in the de- 
vice’s circuitry. 


GROUND BLOOM FLOWER - See ground spinner. 

GROUND BOMB - See ground salute. 

GROUND BURST (fireworks) — A malfunction where the 
explosion of an aerial shell is at or very near ground 


level, as opposed to high in the air illustrated below. 


eotm-e 
- 
7s 


y Shell * 
i Explodes aK 


Obviously, there is potential for injury and damage, 
depending on the type and size of the shell and where 
the event occurs. 


When the explosion of the shell occurs somewhat 
above, but still relatively near ground level, it may be 
described as a low break. Because the potential causes 
for a low break are the same as for a ground burst, 
both are discussed in this entry. 


There are at least five reasons why a ground burst (or 
low break) may occur: 


e If the lift charge of an aerial shell is lacking in quanti- 
ty or quality, the shell will not be propelled to its full 
height. In that event, when the shell bursts, after its 
intended time delay, it may have already returned to, 
or is close to, the ground. 


elf a mortar becomes seriously misaligned, a shell 
propelled from that mortar can have a low trajectory 
and be propelled a great distance down range. Such 
mortar misalignment can be the result of the explo- 
sion of a nearby mortar or simply because a mortar 
rack has not been well secured before the shells in the 
rack have begun to be fired. 


eOn occasion, the mortar’s integrity may become 
compromised during or before firing. It is possible 
that a weak mortar may have split open, or the plug 
sealing the bottom of the mortar may become dis- 
lodged during the firing of a shell. In either event, the 
propelling pressure in the mortar and the height to 
which the shell is propelled will be reduced. 


elf there is a malfunction of the time fuse(s) of the 
shell, producing a greater delay than intended, the 
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shell may return to the ground before functioning. 
This may be the result of a hangfire in the fuse(s) or 
the result of a misfire of the fuse(s). In the event of a 
fuse misfire, a ground burst may occur as a result of 
the dud shell forcefully impacting the ground. Also, 
still smoldering material adhering to the exterior of 
the shell can ignite the shell’s contents as it ruptures 
upon striking the ground. 


elf, during the mortar-loading process, a shell is 
placed into a mortar intended for the next larger size 
shell (e.g., a 4-inch shell is loaded into a 5-inch mor- 
tar), the shell will not be propelled to its full height. 
This most commonly occurs during the reloading 
process of a manually-fired display, where the illumi- 
nation is minimal, and mortar sizes may be confusing, 
because the mortars have been improperly set out or 
not clearly marked for identification. 


GROUND CANNONADE — 
(Also cannonade) — A col- 
lection of ground salutes, in- 
dividually suspended from a 
wire, with fusing such that 
they explode one after an- 
other along the length of the 
line. An example is shown 
at the right. 


Often there will be a delay 
of approximately 1 or 2 sec- 
onds between explosions. In 
that case, the display is in- Photo credit: Jimmy Yawn 
tended to give the impres- 

sion of a line of cannons firing in sequence at night, 
from which the effect derives its name. 


GROUND DISPLAY -— See fireworks, descriptive classi- 
fication of. 


GROUND DISPLAY PIECE — See setpiece (fireworks). 


GROUND FAULT — An electric current flowing outside 
of its intended circuit path, such as through a ground- 
ing conductor, through conductive material other than 
the system ground, through the earth or through a 
person. For electrical firing equipment, a ground fault 
can cause unintentional firings. 


GROUND FIREWORK -— See fireworks, descriptive 
classification of. 


GROUND FLARE - See flare (noun). 
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GROUNDING, ELECTRICAL -— See electrical grounding. 


GROUNDING, PERSONNEL — See safety equipment 
(ESD conductive equipment). 


GROUND LEVEL FIREWORKS - See fireworks, de- 
scriptive classification of. 


GROUND MAROON - See ground salute. 
GROUND PIECE (fireworks) — See setpiece (fireworks). 


GROUND SALUTE - (Also capa morte, gabe morte or 
ground bomb) — A powerfully exploding device that 
produces a loud explosive sound and usually a bright 
flash of light. The devices may be fired singly or 
timed to fire one after another as in a ground cannon- 
ade. The size and construction of these items varies 
widely. Flash powder is commonly used as their pri- 
mary composition. 


gabe morte — (Also capa morte) — An Italian term 
for a large (but usually weakly confined) ground sa- 
lute. The term translates as dead head. Presumably 
they are so called because these devices are often 
roughly spherical in shape and mounted on top of a 
pole, reminiscent of the time when the heads of exe- 
cuted persons were occasionally displayed publicly 
by placing them on poles stuck into the ground. 


GROUND SPINNER — A consumer firework device that 
spins on the ground to produce a disk of fire, often 
with a spray of bright sparks and sometimes with 
changing effects. (Contrast with string spinner.) 


Ground spinners come in a great variety of sizes, ef- 
fects and construction features. A ground spinner 
may have a small protrusion from its bottom surface 
that acts as a pivot to facilitate its spinning. Two 
types of ground spinner: Camellia Flower (an old 
standard) and Ladybugs (a cute new more recent va- 
riety) are shown below. 
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A unique and especially interesting ground spinner is 
the Ground Bloom Flower (also described by other 
names such as a Cascade) that changes color three 
times, often from red to green to gold, while function- 
ing. It consists of a 2-inch long casing with a tangential, 
side-fused hole near one end of the tube (Shown below). 


eT | teste Ne 


The jet of fire from the Ground Bloom Flower causes 
the device to spin simultaneously on its longitudinal 
axis (because the vent is tangential) and on an axis 
perpendicular to that (because the vent is on one 
end). The color compositions burn especially fiercely, 
producing considerable thrust. The tube whirls vigor- 
ously on the ground with a distinctive humming sound 
and a three-dimensional cone of fire. 


A recent enhancement to the Ground Bloom Flower 
has an added crackling microstar effect produced by 
adding tiny dragon-egg granules to the composition 
(shown below). 
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Some ground spinners are designed to briefly rise a 
short distance into the air while functioning. Perhaps 
the best-known version of this type of spinner is the 
Star Ball Contribution (shown below). 


HAs 
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Initially the device performs as a short-duration verti- 
cal fountain; then it begins to spin rapidly on the 
ground, and finally it rises into the air to a height of 4 
to 6 feet (1 to 2 m), only to soon return to ground, all 
the time continuing to spin. (This type of device is not 
allowed in some jurisdictions due to what is de- 
scribed as its erratic movement.) 


One of the simplest designs for a ground spinner is 
the flower ring, shown below. 


It consists of twisted tissue paper casing that encloses 
a relatively fast burning Black Powder type composi- 
tion. The spiral-wound cylinder of paper is about 4 
inch (6 mm) at its thickest point and is formed into a 
closed ring. It lacks a fuse, but it can easily be ignited 
by lighting the exposed end of the casing. When ig- 
nited on a flat smooth surface, such as a sidewalk, it 
spins, leaving a trail of sparks and finally it explodes 
with a sharp crack. The explosion is caused by a 
small amount of red explosive (or similar composi- 
tion) twisted into the end of the tissue paper case. 


GROUND STATE — The lowest energy state of a sys- 
tem. The term is usually applied to the lowest energy 
level of the electrons in an atom or molecule. An 
electron in the ground state may be capable of ab- 
sorbing energy, after which it is said to be in an ex- 
cited state. 


GROUND SUPPORT EQUIPMENT (rocketry) — (Ab- 
breviated GSE) — Anything brought to a rocket 
launch site that is necessary to fly a rocket but does 
not actually fly with the rocket. Obvious examples 
include the launch pad, launch controller and a prep 
table. Less obvious examples are payload support 
items like receivers and tape recorders, if flying a 
broadcasting-type data collection payload. 


GROUND-TO-AIR FIREWORKS -— See fireworks, de- 
scriptive classification of (low level aerial fireworks). 
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GROUND VIBRATION — (Also vibration, vibration wave, 
seismic wave or blasting vibration) — The shaking of 
the ground caused by an explosion. It is the mechani- 
cal energy produced as a result of an explosion (e.g., 
a blast) and transmitted through the earth as a seismic 
wave. Such vibrations may cause severe damage to 
nearby structures. These vibrations are waves, thus 
the terms that define wave motion apply: amplitude 
(see peak particle velocity), frequency and wave- 
length. These waves are useful in seismic geologic 
surveys, which map underground features. 


GRP — Abbreviation for glass reinforced plastic — See 
fiber reinforced epoxy. 


GSE — Abbreviation for ground support equipment. 
GSR — Abbreviation for gunshot residue. 
GSR DETECTION — See gunshot residue detection. 


GUANIDINE MONONITRATE — [CHsN:O3] — {CAS 
506-93-4} — (Also guanidine nitrate or guanidinium 
nitrate) — (Not to be confused with nitroguanidine.) 


Guanidine mononitrate is used in smoke and gas gen- 
erating pyrotechnic compositions, and it has applica- 
tions in explosives. It is colorless as crystals and 
white as a powder. 


Structural 
formula: 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


UN hazard classification: PSN: guanidine nitrate; HC: 
5.1 — flammable solid (UN1467). 


Pyrotechnic uses: Guanidine mononitrate is used for 
compositions in some special smoke generators (e.g., 
insecticidal smokes) and in gas generators. 
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In explosives: Guanidine mononitrate is used as the 
starting material to prepare nitroguanidine. It has oc- 
casionally been used in combination with other ni- 
trates and charcoal as a blasting explosive. 


In_rocketry: Guanidine mononitrate was a principal 
ingredient in Jetex™ propellant, used to power a va- 
riety of toy models in the mid-20" century. It was 
mixed with 2,4-dinitroresorcinol, a small percentage 
of asbestos fiber and vanadium pentoxide as cata- 
lysts, and then consolidated into small cylinders. This 
propellant is rather difficult to ignite, but once ignited 
it burns at a much lower temperature (about 250 to 
300 °C) than most other rocket propellants. 


GUANIDINE NITRATE — See guanidine mononitrate. 
GUARAN — See guar gum. 


GUAR GUM — [processed biological product] — {CAS 
9000-30-0} — (Also guar flour, gum cyamopsis or 
guaran) 


Guar gum is used in some explosives and may have 
potential as a pyrotechnic ingredient. It is a natural 
polysaccharide obtained from the guar bean, the seed 
of the annual leguminous plant Cyamopsis tetragonol- 
oba. Guar gum is a thixotropic agent useful as an 
emulsifier and suspension stabilizer. It is a yellowish- 
white, nearly odorless, free-flowing powder. 


Health information: TLV: none established; PEL- 
TWA: for nuisance dusts, 10 mg/m’ (total dust) and 5 
mg/m? (respirable dust). 


Guar gum is relatively non-hazardous in routine in- 
dustrial situations. It is not expected to present signif- 
icant health risks to the workers who use it. 


UN hazard classification: not regulated. 


In explosives: Guar gum is added to some commer- 
cial explosives to help protect them from the influx of 
water in wet boreholes. 


GUIDANCE, INERTIAL — A control system that is in- 
dependent of outside factors. It derives its correction 
and control information solely from the internal meas- 
urement and integration of the acceleration that the 
rocket or other body is experiencing during its flight. 


GUILLOCHEE - See firework name and description 
(historical). 


GUM — [processed biological product] — Any of several 


naturally occurring, water-soluble substances that can 
be used in pyrotechnics as adhesives, thickeners, 
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binders or as fuels. As naturally occurring substances, 
gums are typically a mixture of chemical species and 
their characteristics may change from year to year 
and with place of origin. 


The term gum is also sometimes used for non-water- 
soluble substances such as red gum. 


GUM ACACIA — See gum Arabic. 
GUM ACCROIDES — See red gum. 


GUM ARABIC — [processed biological product] — 
{CAS 9000-01-5} — (Also Arabic gum, gum acacia 
or acacia gum) 


A solution of gum Arabic in water is occasionally 
used as an adhesive and as a binder in pyrotechnic 
compositions (more so in the past). It was used ex- 
tensively in the UK for making black match. Gum 
Arabic is a naturally-occurring vegetable gum, con- 
sisting of a mixture of polysaccharides and glycopro- 
teins. It is derived from several species of Acacia 
plants (e.g., A. arabica A. Senegal and A. seyal) 
found in Africa and West Asia. Gum Arabic is a 
white to yellowish-white translucent solid and white 
to yellowish-white as powder. Solutions of gum Arabic 
can be quite acidic, especially if they have fermented 
on standing, and for this reason gum Arabic should 
not be used in applications where it can come into 
contact with potassium chlorate (Lancaster, 2006). 
Gum Arabic also tends to be somewhat hygroscopic 
and this property can make it unsuitable for use as a 
binder in very high-humidity environments. 


Characteristic (a) 


a) Code for reference source, see preface. 


b) Using an empirical formula of Ce6Ho.77805.037, molecular 
weight is 162.51 (Meyerriecks, 1998). 


Health information: TLV: none established; PEL- 
TWA: for nuisance dusts, 10 mg/m/ (total dust) and 5 
mg/m: (respirable dust). 


UN hazard classification: not regulated. 


GUM COPAL -— [processed biological product] — {CAS 
9000-14-0} — (Also copal or copal resin) — (Specific 
types of gum copal include: Pontianac copal, Manila 
copal, Macassar copal, Papua copal, anime, KD gum 
and kauri gum) 
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Gum copal is a collective name for various hard, am- 
ber-like resins (both fossil and recent) derived from 
several unrelated plants including coniferous and le- 
guminous trees. Some of these resins have been used 
historically as binders and fuels in pyrotechnic com- 
positions. The gum copal recently used for that pur- 
pose is of the type known as Manila copal, of which 
several varieties are obtained from exudates of trees 
of the genus Agathis. This gum copal forms a light, 
grayish-white powder with a characteristic, some- 
what mint-like odor. 


UN hazard classification: not regulated. 


Kauri gum — [processed biological product] — A 
gum copal from Agathis australis (a coniferous tree 
commonly described as Kauri pine). Kauri gum was 
formerly exported from New Zealand, where it was 
obtained either by digging for fossil resin or by col- 
lecting recently-formed material from Kauri trees that 
had been deliberately cut some months previously to 
promote its formation. Kauri gum had various indus- 
trial uses in the 19" century and was used in some 
pyrotechnic compositions. Two formulations for red 
tableau fires are presented below (Weingart, 1947). 


Formulation +} Parts by Weight 
Ingredient | (1) (2) 


[ hl 
| Cc 


a) Red gum may be substituted. 


Kauri gum is no longer available for commercial ap- 
plications. 


KD gum -— [processed biological product] — (Also 
KD dust) — A type of gum copal, soluble in alcohol, 
used as a fuel and binder. It is a light tan-colored 
powder. KD gum (dust) has been used in some pyro- 
technic compositions. Four formulations for green 
flame effects are presented below (Weingart, 1947). 
Formulations 1 and 2 are for parade torches, 3 is for 
tableau fire and 4 is for stars. 
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Formulation > 
Ingredient | 


a) Red gum can be substituted. 
b) Shellac can be substituted. 
c) As desired. 


GUM CYAMOPSIS — See guar gum. 
GUM LAC - See shellac. 
GUM ROSIN — See rosin. 


GUM TRAGACANTH -— [processed biological product] — 
{CAS 9000-65-1} — (Also tragacanth) — The gummy 
exudate obtained from several varieties of the shrub- 
like plants of the Astragalus family, which grow in 
semi-desert and mountainous areas of Turkey, Iran 
and Syria. It is a dull white to yellowish, odorless 
powder, which is water soluble. 


Chemically, gum tragacanth is a complex mixture of 
polysaccharides of galactose, fructose, xylose and 
arabinose with glucuronic acid. It is about 60 to 70% 
insoluble in water but swells to form a gel. It is 
strongly hydrophilic. 


Gum tragacanth in solution has the properties of a 
partially cross-linked polymer in that a small portion 
is soluble while the greater portion remains as a swol- 
len gel or gel-like dispersion. 


Viscosity is the important property in the evaluation 
of gum tragacanth. It is the most direct measure of 
the uniformity and quality of the gum. To obtain the 
maximum viscosity, the gum is crushed and soaked 
overnight. The dispersion is then stirred for 15 to 30 
minutes. Its viscosity can be reduced with the addi- 
tion of acids, alkalis and sodium chloride. 


Gum tragacanth is sometimes used in pyrotechnics as 
a fuel and bonding agent. 


GUM WATER — An aqueous solution of a water-soluble 
gum, normally used as an adhesive or binder. The 
term is most common in older literature, where the 
gum typically used was gum Arabic. 
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GUN (fireworks) — Jargon for a firework mortar. This 
usage 1s discouraged. 


GUN BARREL - (Also gun tube) — A tube, typically 
made of steel, in which a bullet or gun-projectile is 
accelerated by the high pressure of the combustion 
gas from the burning of a gun propellant. 


GUNCOTTON — See nitrocellulose and flash material 
(flash cotton). 


GUN EROSION -— (Also gun tube erosion) — Erosion of 
the interior surface of a gun barrel (i.e., gun tube) be- 
cause of the combustion products from burning gun 
propellants that are at high-temperatures and high 
pressures. 


GUN POWDER and GUNPOWDER - See powder type. 
GUNPOWDER PLOT — See Guy Fawkes. 

GUN PROPELLANT — See propellant, gun. 

GUN, STACK - See stack gun. 

GUN TUBE — See gun barrel. 

GUN TUBE EROSION — See gu erosion. 


GUNSHOT RESIDUE DETECTION — (Also GSR detec- 
tion, primer gunshot residue detection or PGSR de- 
tection) — The combined use of scanning electron mi- 
croscopy (SEM) and X-ray energy dispersive spec- 
troscopy (EDS) for the detection of primer gunshot 
residues (PGSR) was introduced in the mid-1970s. 
The PGSR analytic method has become so well es- 
tablished that it has been defined in an ASTM standard. 
In essence, the method uses SEM to identify particles 
with the correct morphology and X-ray EDS to de- 
termine whether those particles contain the elemental 
constituents of PGSR. 


PGSR particles originate from the firing of the primer 
at the rear of small-arms ammunition. Once initiated 
by the mechanical action of the firing pin, the primer 
produces a spray of incendive material (illustrated be- 
low in cross section) that ignites the propellant charge. 
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The sought after PGSR particles have a spheroidal 
morphology and range in size from approximately 0.5 
to 10 microns. These residue particles originate from 
the pyrotechnic reaction products of the explosive 
burning of the primer composition of the ammunition 
being fired. They are spheroidal in shape because 
they are formed at high temperature, where the sur- 
face tension of the molten residue droplets contracts 
them into spheroids before they solidify upon further 
cooling. The particles are relatively small because 
they are created under near 
explosive conditions, first 
at high pressure inside the 
firearm, then suddenly ex- 
posed to atmospheric pres- 
sure. Examples of PGSR 
are shown at the right 
(where 5p: means 5 microns 
or 5 micrometers). 


The sought-after PGSR particles commonly contain 
the elements lead, antimony and barium, often in 
conjunction with lesser amounts of other elements. 
This is because PGSR particles have essentially the 
same elements present in the chemical components 
used in the primer, where compounds containing lead 
(such as lead trinitro-resorcinate), antimony (as anti- 
mony(III) sulfide) and barium (as barium nitrate) are 
common. In addition, materials from the projectile it- 
self, the cartridge case and the barrel of the weapon 
may be present to some extent in PGSR particles. The 
chemical elements present in smokeless powder are the 
same as those present in organic matter and thus are 
not unique to PGSR. The following X-ray spectrum is 
reasonably typical for a PGSR particle. 


2.0 4.0 6.0 8.0 10.0 12.0 
keV 


The requirement for both the correct morphology and 
the correct elemental composition, all within the same 
individual particle, provides high specificity in the 
analysis. Certainly, this methodology provides much 
higher specificity than the previously accepted tech- 
nique for GSR analysis based on atomic absorption 
spectroscopy of washes taken from the hands or 
clothing of an individual. In that case, an individual 
with traces of lead, antimony and barium on their 
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person, possibly from a collection on non-gunshot 
sources, might mistakenly be found to have PGSR. 


Burning pyrotechnics produce similar appearing resi- 
due particles (see pyrotechnic reaction residue parti- 
cle), but they essentially always have different ele- 
mental signatures. While very rare, there have been a 
few instances where fireworks and proximate audience 
pyrotechnics have produced particle morphologies and 
elemental signatures that are similar or identical to 
PGSR. This raises the potential for misidentification of 
such residues. 


The recent introduction of a range of lead-free small- 
arms primers has made the identification of PGSR 
more difficult. 


GUSSET, STRUCTURAL — Commonly a roughly trian- 
gular brace used to strengthen a structure. In the con- 
struction of the lance frame shown below, the dark 
triangular piece to the left is a conventional gusset, 
bracing the commer where two frame members connect. 


The dark rectangular piece is an example of a brace 
where three frame members connect. 


GUTTA PERCHA FUSE - See fuse, gutta percha. 


Guy FAWKES -— In 1605 a group of English Catholics 
plotted to blow up the English parliament and the King, 
who was to be present for the formal opening of par- 
liament. This was a reaction to the failure of King 
James I (1566-1625) to fulfill their expectations that he 
would moderate the anti-Catholic policies of his pre- 
decessor, Queen Elizabeth I (1533-1603). This con- 
spiracy became known as the Gunpowder Plot; its fail- 
ure continues to be celebrated on the November 5" an- 
niversary of the capture of Guy Fawkes (1570-1606), 
one of the principal plotters. No single historic event 
has had a comparable effect on British pyrotechny. 


The story of the Plot is complex and quite beyond 
what can be reported here; the essential facts are: 
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e Under James I, Catholics continued to be second- 
class subjects of the monarch. 


e Their central religious observation (the Catholic 
Mass) remained forbidden. 


e Lay Catholics were still fined or jailed for hearing 
Mass. 


e Any priest convicted of conducting the Mass was lia- 
ble to be charged with treason and sentenced to 
death. 


e Children could not be baptized as Catholics, but in- 
stead were required to be baptized as Protestants be- 
fore they were a month old. 


e Catholics could not be married according to the rites 
of their Church. 


e Catholics were required to attend Protestant church 
every Sunday and on Holy Days, and to take 
Protestant Communion at least twice a year. Failure 
to do so led to increasingly heavy fines. 


A group of conspirators led by Robert Catesby (ca. 
1572-1605) arranged for 36 barrels of gunpowder 
(i.e., Black Powder) to be hidden in the cellar of the 
parliament building with the intention that they were 
to be ignited after the arrival of the King, who tradi- 
tionally opened the parliamentary session. The person 
assigned to ignite the powder was Guy Fawkes, a 
Catholic Englishman who had considerable military 
experience and lived for a time in continental Europe, 
where he fought for the Spanish and adopted the Ital- 
ian version (Guido) of his first name. 


The drawing below of Fawkes and some of the other 
Gunpowder Plot plotters is commonly reproduced 
and can be found in nearly all writings about Guy 
Fawkes. Although it was drawn in 1606, the Dutch 
artist Crispijn de Passe the Elder (ca. 1565-1637) had 
never seen the conspirators, and the details of their 
appearances can therefore be questioned. Fawkes, 
here labeled as Guido Fawkes (red arrow) is shown 
with the tall, broad brimmed hat that is a feature of 
virtually all illustrations of him. 


Encyclopedic Dictionary of Pyrotechnics 


Illustration Credit: Sidney, 1905 


The plot was foiled when Fawkes was apprehended 


in the cellar beneath parliament house. He had in his 
possession a lamp, slow match and a watch. In the 
subsequent investigation, Fawkes was tortured by or- 
der of the King and eventually confessed. Meanwhile, 
the identity of some of the conspirators had been re- 
vealed by a servant of one of them. Some co-con- 
spirators were killed during attempts to capture them, 


but Fawkes and seven others were tried for high treason 
and sentenced to execution by the cruel procedure of 


hanging, drawing and quartering, as required by the 
laws of the day. Details of this horrible process are 
easily found elsewhere; suffice it to say that in this con- 
text ‘drawing’ meant ‘disemboweling’ and ‘quarter- 
ing’ meant that the body was chopped into quarters. 


History records, that Fawkes was inadvertently spared 


the worst torments of the execution. Before the execu- 
tioner could push him off the ladder to be temporarily 
suspended by a noose of rope around his neck, 
Fawkes flung himself from the ladder with such vio- 
lence that his neck was mercifully broken by the noose. 


Some historians have suggested that the King’s gov- 
ernment knew about the plot ahead of time and al- 
lowed it to proceed as a political ploy to increase anti- 
Catholic sentiment and thereby enhance the populari- 
ty of the King. The evidence for this, while not com- 
pelling, is strong enough to support continued debate. 


The Gunpowder Plot provided what has been de- 
scribed as the golden excuse for setting off fireworks 
in Great Britain. Guy Fawkes would no doubt be 


amazed by the fact that, although he started out as a 
villain and was burned in effigy at annual November 


5" bonfires throughout England, he eventually be- 
came a kind of anti-hero whose name became synony- 
mous with pyrotechnically-enhanced celebration. 
Children roamed the streets of London with the beg- 
ging plea ‘Penny for the Guy?’ (i.e., asking for money 
for fireworks). The following popular rhyme is well 
known in England and immortalizes the Gunpowder 
Plot and Guy Fawkes. 
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Remember, remember the fifth of November, 
The gunpowder, treason and plot, 

I see of no reason why gunpowder treason 
Should ever be forgot. 

Guy Fawkes, Guy Fawkes, ’twas his intent 
To blow up the King and the Parliament. 
Three score barrels of powder below, 

Poor old England to overthrow: 

By God’s providence he was catch’d 

With a dark lantern and burning match. 
Holloa boys, holloa boys, make the bells ring. 
Hip, hip hoorah! 


According to “A Narrative of the Gunpowder Plot” 
(David Jardine, 1857), Fawkes should not be regard- 
ed as a ‘mercenary ruffian, ready for hire to do any 
deed of blood; but as a zealot, misled by misguided 
fanaticism, who was, however, by no means destitute 
of piety or humanity.’ 


Even the word guy, meaning a nonspecific or un- 
named person, is derived from Guy Fawkes. It has 
been well embedded into both English and American 
jargon, where ‘guy’ has come to refer generically 
first to any male person, and more recently (as ‘you 
guys’) to people in general. November 5™ bonfires 
continue to be a strong tradition in many parts of 
England over 500 years since the Gunpowder Plot. 
Bonfire organizations in many British communities 
organize elaborate celebrations that include parades, 
giant bonfires and of course, firework displays. Effi- 
gies of Guy Fawkes are often fitted with fireworks 
and paraded through the streets and later burned. Guy 
Fawkes has inspired poems, plays, novels, motion 
pictures and his name has clearly become one of the 
most recognized names of English history. 


There is a vast amount of historical literature on the 
Gunpowder Plot, and the intrigues of King James’ 
court continue to be studied and debated. The annual 
observation of the thwarting of the Gunpowder Plot has 
had an unparalleled impact on the history of fireworks 
in England over the past 414 years. 


Guy FAWKES Day — Annually, November 5" is a 


day of celebrations, bonfires and fireworks through- 
out Great Britain commemorating the capture of Guy 
Fawkes. Parades, parties and burnings in effigy of 
Guy Fawkes (and even contemporary public figures) 
all still occur in many communities. Guy Fawkes Day 
is probably the main reason that Great Britain has had 
a rich pyrotechnic history of both display fireworks 
and consumer fireworks (1.e., shop goods). 


Most of the public displays are performed either on 
the Saturday before or after November 5". Many pri- 
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vate displays also follow that pattern, though it is 
common for fireworks to be fired anytime during the 
period between the Saturday before and the Saturday 
after the 5" of November. 


GUY WIRE -— Rope, wire or similar material used to 
stabilize a setpiece or other above-ground firework 
device, illustrated below. For maximum strength, it is 
appropriate to tie the guy wire low on its stake. For 
safety reasons, it is useful to attach flagging to aid in 
the guy wire’s visibility in poor light conditions. Also, 
placing a cover such as plastic pipe or a pail over the 
stake aids in its visibility and reduces the chance of 
injury from tripping. Commonly three guy wires, sur- 
rounding the pole equally, are used to stabilize a pole. 


\- One Guy 
\ Wire J | 


Pole for ———~ 
_ Mounting 
\ Fireworks 


\ 


Stake 
nee 


(ground) 
GYPSUM — See calcium sulfate dihydrate. 


GYRO WHEEL -— See girandola. 
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h — Symbol for Planck's constant and for hour. 


H — The symbol for enthalpy and for the chemical el- 
ement hydrogen. 


AHx — Symbol for the change in enthalpy, where AH. 
is the enthalpy of combustion, AHf is the enthalpy of 
formation and AH, is the enthalpy of reaction. 


H3 BURST CHARGE or H3 POWDER — A composition 
used as an aerial shell break charge that originated in 
Japan and is still widely used. The typical composition 
is presented below. 


Ingredient Parts by Weight 


Potassium chlorate | 
Charcoal dust (hemp) 


The designation of H3 is said to be the result of the 
composition containing three parts hemp charcoal. 
The break charge is described as a rice-hull powder, 
when it is bound to rice hulls with a small amount of 
soluble glutinous rice starch as an aqueous binder. 


H3 composition is most effectively used in small aerial 
shells (e.g., 2.5 to 5 inch, 63 to 125 mm). A somewhat 
weaker version of this powder is made by substituting 
potassium perchlorate for potassium chlorate, and it 
is used in medium-size aerial shells (e.g., 5 to 8 inch, 
125 to 200 mm). 


HAIL SUPPRESSION — See rocket, anti-hail. 


HAILSTORM SHELL — See aerial shell name and de- 
scription (specific). 


HALF-AND-HALF SHELL — See pattern shell. 


HALOGENS — The elements in chemical group VII of the 
periodic table of the elements, consisting of the non- 
metals: fluorine, chlorine, bromine, iodine and asta- 
tine. The atoms of these nonmetals each have seven 
electrons in their valence shell, which is one electron 
short of a completed outer shell. This results in mem- 
bers of this group having somewhat similar chemical 
properties. 


Fluorine and chlorine are extremely reactive and form 
large numbers of compounds, some of which find 
important uses in pyrotechnics as oxidizers. In addi- 
tion, some chlorine compounds (i.e., chlorine donors) 
are important in colored-flame chemistry. Bromates 
have been used experimentally but any advantages 
over chlorates appear to be insufficient to offset their 
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greater cost and the greater sensitivity of the compo- 
sitions to accidental ignition. Compounds of iodine 
have been used in certain specialized applications (e.g., 
cloud seeding) where their specific properties justify 
their rather high cost. Astatine has no stable or long- 
lived isotopes and is of no relevance to pyrotechnics. 


HAMMER MILL - See mill. 
HAMMER SCALE - See — iron(II, III) oxide. 


HAMMER SHELL - See aerial shell name and descrip- 
tion (specific). 


HANABI — The Japanese word for fireworks; roughly 
translated as flowers of fire. 


HAND BLASTER (fireworks) — See blaster ball. 


HAND BLASTER (blasting) — See blasting machine 
(generator-type blasting machine). 


HANDBOOK OF MODEL ROCKETRY — (Abbreviated 
HMR) - The official National Association of Rocketry 
(NAR) handbook for rocketry. It was originally writ- 
ten in the mid-1960s. It has since been expanded in 
scope by adding computer programs and acknowl- 
edging the existence of high-power rocketry. 


HAND FOUNTAIN and HAND-HELD FOUNTAIN — See 
fountain type. 


HAND-HELD ELECTRICAL FIRING UNIT — See firing 
unit, electrical. 


HAND-HELD TORCH - See torch (stage effect). 
HANDLE FOUNTAIN - See fountain type (hand fountain). 


HANDMADE BLACK POWDER — See Black Powder, 
(rough Black Powder). 


HANGFIRE — An unexpected delay in the functioning 
of a pyrotechnic or explosive device. 


In fireworks: A hangfire refers to a situation in which 
an ignited fuse or pyrotechnic ignition composition 
continues to smolder or burn slowly instead of burning 
at its normal rate. Such a fuse may suddenly resume 
burning at its normal rate after a relatively long delay. 
This unpredictability constitutes a potentially hazard- 
ous situation. 


If a fuse undergoing a hangfire goes completely out 
(is extinguished), the situation is described as a mis- 
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fire. In practice, it is usually not possible to distin- 
guish a hangfire from a misfire until some relatively 
long time after the event. Accidents have resulted from 
operators assuming too soon that a misfire had oc- 
curred, when in fact a prolonged hangfire was in pro- 
gress. “NFPA 1123 Code for Fireworks Display” 
recommends waiting at least 15 minutes before ap- 
proaching hangfires but waiting at least 30 minutes is 
more appropriate. 


Ina manually-fired firework display with reloading, it 
is the responsibility of the shooter to mark the mortar 
and notify other crew members of the presence of a 
hangfire or misfire so that the mortar will not be re- 
loaded. 


In rocketry: A hangfire refers to an abnormal ignition, 
in which the rocket motor ignites after a significant 
and unexpected delay. The possibility of a hangfire is 
the main reason that the safety code advises not to 
approach a model rocket for at least one minute after 
it was supposed to fire. Substantially longer wait times 
are appropriate for a high-power rocket. 


In blasting: A hangfire is the unexpectedly delayed 
initiation of an explosive charge. The commonly rec- 
ommended waiting period before approaching any 
misfired explosive charge was 15 minutes for electri- 
cally ignited charges and 30 minutes for fuse-ignited 
charges, but waiting times of 30 minutes and one hour, 
respectively, are now commonly recommended. 


HAPPY FACE SHELL — See smiling face shell. 


HARASSING AGENT (military) — A type of irritant 
warfare agent that includes /achrymators, sternutators 
and irritant smokes. 


HARD BOMB (special effect)—See Black Powder bomb. 


HARD BREAK - (Also hard-breaking shell) — An aerial 
shell that is strongly constructed and has a substantial 
break charge, which results in the stars being projected 
to great distances and at high speeds from the explod- 
ing shell. Many Japanese style shells have hard breaks 
and are described as a warimono shells. 


HARD PILOT (flame effect) — See pilot (flame effect). 


HARDWARE CLOTH - A type of wire cloth made with 
relatively heavy iron wire that is woven and then gal- 
vanized. Hardware cloth is commonly produced in a 
range of mesh sizes with the mesh number indicating 
the number of wires per inch. For example, 8-mesh 
hardware cloth has 8 wires per inch (25 mm), which 
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provides approximately 0.12-inch (3 mm) openings 
between the wires. 


In fireworks: In firework displays, hardware cloth has 
been used to a make protective barrier that is staked 
around the sides of a multiple-tube device. This helps 
to preclude projectiles being sent in dangerous direc- 
tions as a result of a malfunction. On occasion, hard- 
ware cloth has also been used to mount lances for 
setpleces. 


In manufacturing, hardware cloth has been used to 
make drying screens (i.e., tray bottoms) for aerial 
shells, stars and other components. 


HARDWARE PAPER — A coarse paper once used for 


protecting floors and other surfaces during painting. 
Hardware paper was a less expensive alternative to 
canvas tarpaulins, but it was later replaced by even 
less expensive plastic sheeting. Although a different 
product, kraft paper is occasionally (and incorrectly) 
referred to as hardware paper. 


HARDWOOD - Any close-grained wood such as oak, 


maple, ash or hickory; today, hardwoods are often 
used in making charcoal. 


HARPOON, EXPLODING — A projectile developed in 
the 19" century for killing whales and to facilitate the 
recovery of their corpses for processing into oil, meat 
and other products. An example is shown below. 


7 ae A = 


Such a projectile was approximately 6 ft (1.8 m) in 
length and weighed some 120 Ibs (55 kg). The portion 
painted black in the picture was made of high-grade 
steel; the orange-red part was a hollow nose cap, 
weighing about 12 Ibs (5.5 kg), made of cast iron, 
and filled with Black Powder or some other explosive. 
From the left, the projectile consisted of an elongated 
slotted shaft, attached (near the middle of the photo) 
by a flexible joint to a heavy steel body. The nose cap 
screwed onto this steel body. Directly behind the 
nose cap was a set of four hinged steel barbs that 
were held against the steel body of the harpoon (as 
shown in the photo) by thin wires. The threaded section 
of the steel body of the harpoon that held the nose cap 
had an axial threaded recess into which a brass device 
incorporating an igniter and time-fuse was screwed. 


To fire the harpoon, the slotted shaft (to the left in the 
photo) was inserted into the muzzle of a purpose- 
built cannon mounted on the bow of a whale-chasing 
vessel. A heavy metal shackle firmly fixed to the end of 
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a long, coiled rope was attached to the portion of the 
slotted shaft that protruded from the cannon. The 
shackle was free to slide to the end of the slot when the 
projectile emerged from the cannon, so that the rope 
trailed behind the projectile. The harpoon was pro- 
pelled from the cannon by a charge of approximately 
14 ounces (390 g) of Black Powder, with much wad- 
ding placed between the powder and the harpoon. 


The igniter (usually incorrectly referred to as a detona- 
tor) was a percussion cap, initiated by the mechanical 
action of a heavy brass cylindrical body. This brass 
cylindrical body was a loose sliding fit inside of a 
slightly larger hollow brass cylinder mounted along 
the axis of the harpoon. Before the harpoon was fired, 
the heavy brass cylindrical body was held in place by 
an easily-breakable piece of thin wire or similar means. 
Upon firing, the inertia of the heavy brass cylindrical 
body broke the retaining wire, and the cylindrical 
body moved to the back of the hollow brass cylinder. 
Then, when the harpoon struck the whale, the inertia 
of the heavy cylindrical body flung it forward, where- 
upon it struck a percussion cap that in turn ignited a 
delay train. After a delay of one or two seconds, during 
which time the harpoon moved deep into the body of 
the whale, the charge of explosive inside the cast iron 
nose cap exploded, bursting the nose cap. Broken 
fragments of cast iron tearing through the internal or- 
gans of the whale were supposed to bring about rapid 
death of the animal, but in practice it seems that death 
was often agonizingly slow. When tension was ap- 
plied to the rope attached to the harpoon, the rear sur- 
faces of the four hinged barbs met resistance by the 
surrounding flesh, breaking the wires holding the 
barbs in place. This allowed the barbs to expand into 
the flesh of the whale and effectively locked the body 
of the whale to the attached rope. The steel body of 
the harpoon was normally recovered and refurbished 
for re-use. 


This cruel device became obsolete with the abandon- 
ment of commercial whaling by many countries in the 
20" century. Similar devices are still in use in Japan, 
Norway and some other countries that still permit the 
killing and processing of whales. 


Historical: There is a long history of attempts to use 
pyrotechnic devices to capture and kill whales. As 
early as 1731, English whalers used swivel guns, 
mounted in the bow of a whale boat, to improve upon 
the then conventional hand-thrown harpoons. Im- 
provements were made to these guns, culminating in 
a gun made by one George Wallis Junior in 1815. 
These early swivel guns were flintlocks, obviously 
highly susceptible to being made ineffective by expo- 
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sure to the sea-spray that was present in all but the 
calmest of seas. In 1837 the Birmingham gunsmith 
William Greener (1806-1869) introduced an improved 
swivel gun for whaling that included a percussion-cap 
firing mechanism. This gun was widely used, up to the 
mid 1870s, by both British and American whalers. 


A different approach to the harpooning of whales was 
suggested in the 1820s by British military pyrotech- 
nist and inventor Sir William Congreve (1772-1828), 
who attempted to adapt his war-rockets for this pur- 
pose. He suggested that an explosive grenade be in- 
cluded in the head of the rocket to kill the whale. 
This was an important suggestion, because the towing 
of a whaleboat by a frenzied harpooned whale was an 
extremely hazardous part of the whaler’s occupation. 
The idea was taken up by American inventors and led 
to many different versions of the so-called ‘bomb 
lance’, which incorporated an exploding grenade in 
the head of a spear or lance that was thrust into the 
whale by hand, by a gun or by a rocket. 


Guns were the most common means of projecting 
“bomb lances’. Examples of bomb lances projected by 
guns included those used in the improved swivel guns 
made in Germany from the late 1850s by inventor 
Philipp Rechten (1808-18??), in association with the 
German gunsmith Hermann Gerhard Cordes (1825- 
1901). These inventors did not combine a bomb lance 
and harpoon into the one projectile; rather they pro- 
posed a double-barreled gun, with one barrel for the 
harpoon, another for the bomb lance. 


In 1867 English inventor George Welch proposed a 
harpoon incorporating an explosive grenade. This was 
very similar to the device pictured above; the main 
difference being that Welch’s harpoon lacked the 
flexible joint between the shaft and the head. Also, in 
1867, the Italian firework maker Gaetano Amici 
(1814-1882), then working in Copenhagen, Denmark, 
patented a harpoon with an explosive grenade for use 
with a swivel cannon. He had originally been asked 
to investigate the use of rocket-propelled devices but 
concluded that a harpoon fired from a cannon would 
be superior. Following discussions with Amici, Nor- 
wegian marine entrepreneur Svend Foyn (1809-1894) 
developed an exploding harpoon and cannon system 
essentially identical to that described above. The 
technology soon spread worldwide, and by the 1980s 
it had brought several species of whales to the brink 
of extinction. 


HAZARD - A potential, undesirable outcome of an 


event, such as loss of life, injury or property damage. 
For example, there are hazards associated with electric- 
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ity, including electrocution and fire. Not all hazards 
are equivalent because they have different severities. 


Determining the risk of an adverse event considers 
both the severity of a hazard posed by the event and 
the likelihood (i.e., probability) of the event occur- 
ring. Risk analysis is a methodical evaluation of a 
collection of risks associated with some activity such 
as the manufacture of fireworks, then comparing and 
ranking those risks. 


HAZARD ANALYSIS — See risk analysis. 


HAZARD AREA (flame effect) — The area made haz- 
ardous by the operation of the flame effect. 


HAZARD CLASS — The UN hazard classification system 
consists of 9 major hazard classes and several subdi- 
visions. This classification system is now used almost 
universally. The major hazard classes and divisions 
are: 


1. Explosive (1.11.6) 


2. Gases (2.1 Flammable Gas, 2.2 Non-flammable 
Compressed Gas, 2.3 Poisonous Gas) 


3. Flammable and Combustible Liquids (Class 3) 


4. Solids (4.1 Flammable Solid, 4.2 Spontaneously 
Combustible Material, 4.3 Dangerous when Wet 
Material) 


5. Oxidizing Agents (5.1 Oxidizer, 5.2 Organic Per- 
oxide) 

6. Poisons (6.1 Poisonous Materials, 6.2 Infectious 
Substance (Etiologic Agent)) 


7. Radioactive Material (Class 7) 
8. Corrosive Material (Class 8) 
9. Miscellaneous Hazardous Material (Class 9) 


For more specific information regarding the classifi- 
cation of explosives, see explosives, classification of. 


HAZARD CLASSIFICATION (industrial hygiene) — The 
process defined by the Global Harmonization System 
that is used to indicate the intrinsic hazardous proper- 
ties ofa material (i.e., a substance or mixture). Hazard 
classification involves the following three steps: 1) 
identification of relevant data regarding the hazards 
of a material, 2) review of those data to ascertain the 
hazards associated with the material, and 3) decision 
on whether the substance or mixture will be classified 
as a hazardous material and the degree of the hazard 
(where appropriate, this may be done by comparison 
of the data with agreed hazard classification criteria). 
(See hazard class and Globally Harmonized System 
of Classification and Labeling of Chemicals.) 
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HAZARD DIVISION (explosives) — See explosives, 
classification of. 


HAZARD MANAGEMENT -— A formal process in which 
the various risks associated with an activity, process, 
facility or system are reduced to an acceptable level. 
The process includes three basic parts: 1) identifica- 
tion of the hazards associated with the activity, pro- 
cess, facility or system, 2) evaluation of the individual 
hazards by performing a risk analysis and 3) taking 
measures to control the hazards by reducing their as- 
sociated risks, normally by first addressing those 
hazards posing the greatest risk. 


HAZARDOUS CHEMICAL COMBINATIONS — There are 
hazards associated with all pyrotechnic and explosive 
materials. This entry does not address hazards that are 
common and expected. For the most part, this entry 
also does not address the hazards associated with the 
use of highly unusual or esoteric materials. This entry 
addresses some hazards associated with materials in 
common use, but for which there may be problems that 
are not fully appreciated by the typical pyrotechnist. 


The table below identifies the hazardous combinations 
to be considered and, through a series of brief notes, 
identifies the general nature of the hazards posed by 
those combinations. The notes are identified as nu- 
merals in the table and are presented following the 
table. Often additional specific information regarding 
these hazardous combinations can be found in the en- 
tries for the various chemicals. 


Perchlorates 
Magnesium 
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O = Place filler. 
— = Minimal hazard. 
?  =Can be hazardous depending on circumstances. 
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Hazard notes: 


1. The specific combination of potassium chlorate and 
ammonium perchlorate can produce highly unstable 
ammonium chlorate if moisture is present. 

2. Oxidizers in combination with metal fuels produce high- 
ly energetic mixtures. If the metal is a fine powder, the 
mixtures can be powerfully explosive. Also, metal fuels 
tend to make mixtures more sensitive to electrostatic 
discharge. 

3. Chlorates have particularly low activation energy barri- 
ers, tending to make mixtures that are sensitive to all 
types of accidental ignition. 

4. Unprotected active metals can react with oxidizers to 
produce heat, possibly leading to spontaneous ignition. 

5. The presence or production of an acid tends to cause 
chlorates to decompose, which sensitizes the mixture 
and can cause spontaneous ignition. 

6. Unprotected active metals react violently with acids 
producing heat and hydrogen gas. This can lead to 
spontaneous ignition and explosions. 

7. Ammonium ions can act as an acid (i.e., a proton do- 
nor) potentially leading to the hazards outlined in Note 
5 (chlorates) and Note 6 (active metals). 

8. Unprotected active metals react slowly with water to 
produce heat and hydrogen gas. With increasing tem- 
perature, the reaction can become violent. This can 
lead to spontaneous ignition. 

9. Copper ions can catalyze the decomposition of some 
oxidizers. If an oxidizer is already somewhat unstable, 
it is possible to create a mixture that is particularly 
sensitive to accidental ignition. 

10. Metals more active (electrochemically) than copper will 
react with copper ions to produce copper metal and 
active metal ions. This displacement reaction produces 
heat, which increases the chance of spontaneous igni- 
tion. 

11. Sulfur and sulfides, in combination with perchlorates and 
particularly with chlorates, form mixtures that are sensi- 
tive to accidental ignition. 

12. Sulfur can act as an oxidizer, as well as a fuel. When 
combined with an unprotected active metal fuel, sulfur 
can attack the metal to produce heat. 


HAZARDOUS CHEMICAL REACTION (industrial hy- 
giene) — A reaction that generates pressure or by- 
products that could cause injury, illness or harm to 
humans, domestic animals, livestock or wildlife. 


HAZARDOUS DEBRIS — Any debris produced or ex- 
pelled by the functioning or malfunctioning of a pyro- 
technic device that can cause injury or property dam- 
age. This includes dud shells, unignited components, 
hot sparks and dross, and heavy casing fragments such 
as solid end plugs. Confetti and lightweight pieces of 
paper are not considered to be hazardous debris un- 
less they pose a fire or electrical hazard. 


HAZARDOUS DECOMPOSITION PRODUCT (MSDS) — 
A section ina Material Safety Data Sheet (MSDS) that 
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lists any hazardous chemical(s) produced when the 
material being discussed burns, degrades or decom- 
poses without burning. Manufacturers often only re- 
port the results of high temperature incineration with 
adequate oxygen for complete combustion. Under 
these conditions, most organic materials will produce 
carbon dioxide [CO>], water [H2O] anda few other low 
molecular weight chemicals. Other types of burning, 
such as with a limited supply of air, heating with a 
torch, cutting with a hot wire or other methods of rap- 
id combustion, will usually produce different results. 


Users of this section of the MSDS should be aware 
that the written material presented in this section may 
not be relevant to the way the material is being used. 
In addition, regarding proximate audience pyrotech- 
nics and fireworks, it is common practice for manu- 
facturers not to include any information about the 
chemical reaction products produced, even when us- 
ing the products as intended. 


HAZARDOUS MATERIAL — (Abbreviated hazmat) — A 
chemical or substance that presents a physical or 
health hazard. Hazardous materials are enormously 
variable in the severity of the hazards they potentially 
present. Hazardous materials range from simple gaso- 
line (a flammable liquid), to sodium cyanide (a toxic 
chemical), to mercury fulminate (an explosive). 


HAZARDOUS MATERIAL ENDORSEMENT — See 
commercial driver’s license. 


HAZARDOUS NOISE — Noise (i.e., sound) of sufficient 
intensity and duration to potentially cause damage to 
one’s hearing. Guidance can be taken from permissible 
noise exposures established for workers in the US by 
the Occupational Safety and Health Administration. 


HAZARD RATING FOR CHEMICALS (formerly J.T. 
Baker, Inc., now Avantor) — (Also chemical hazard 
rating, chemical safety rating or safety rating for 
chemicals) — In this system, there are four primary 
areas of concern for chemical hazards: health, flam- 
mability, reactivity and contact. Health refers to the 
danger or toxic effect that a substance presents if in- 
haled, ingested or absorbed. Flammability is the ten- 
dency ofa substance to burn. Reactivity is the potential 
of a substance to explode or react violently with air, 
water or other substances. Contact is the danger a 
substance presents when exposed to skin, eyes and 
mucous membranes. The ratings for these hazard are- 
as range from 0 to 4, where zero is none, (1) is slight, 
(2) is moderate, (3) is severe and (4) is extreme. The 
ratings for flammability can depend heavily on particle 
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size. For that reason, the flammability hazard rating 
may differ widely depending on the particle size used 
in a pyrotechnic composition. 


These or similar hazard ratings are included in many 
material safety data sheets. For hazard ratings for some 
chemicals of interest in pyrotechnics and explosives, 
see: 
www.avantormaterials.com/search.aspx?searchtype= 
msds 


HAZE EFFECT -— (Also hazer) — A sub-classification of 
fog effects, which are principally differentiated by the 
size and/or airborne concentration of the liquid drop- 
lets produced. Haze effects may be produced as a 
suspension of extremely small liquid droplets that are 
essentially invisible until strong lights are used to 
create a beam affect. As an alternative, they may just 
be a low concentration fog effect that is essentially 
invisible until strong lights are used to create a beam 
effect. Although diminishing in use because of poten- 
tial adverse health concerns, some haze effects are 
still produced with atomized white mineral oil. Oil- 
based haze effects are occasionally used in low hu- 
midity areas where the persistence of high water- 
content aerosols is low. 


A non-thermal haze machine is shown below. This 
unit simply produces an atomized spray of fog liquid 
(in this case, it is straight propylene glycol) mixed in- 
to the air stream provided by a small fan. 
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An advantage of this non-thermal method is the elimi- 
nation of the possible thermal decomposition products 
(with a potential for adverse health effects) that may 
occur with a conventional thermally generated fog ef- 
fect. 


HAZMAT — An abbreviation (jargon) for hazardous 
materials. This term is usually used in a regulatory 
context. 


HC — Abbreviation for hazard class. 


HCB — Abbreviation for hexachloro-benzene. 
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HCE — Abbreviation for hexachloro-ethane. 


HC SMOKE or HC MIXTURE - A military screening 


smoke composition based on hexachloro-ethane as the 
primary oxidizer. Screening smoke was used in an at- 
tempt to conceal equipment, personnel or ships during 
battle. HC smoke was produced in burning type muni- 
tions (e.g., grenades, candles, smoke pots, smoke floats 
and special air bombs). The most common form pro- 
duced white smoke (see formulation 1 below). 


1 to 5) Ellern, 1968. 


On ignition, the reaction between zinc dust [Zn] and 
hexachloro-ethane [C2Cl6] produces zinc chloride 
[ZnCl] and free carbon [C], both as smoke: 


G.Cle + 3Zn DF 3 ZnCl + 2C 


The ammonium perchlorate [NH4ClO,] helps sustain 
the reaction. The ammonium chloride [NH4Cl] readily 
volatilizes to control the rate of burning and upon its 
condensation produces additional white smoke. In 
some formulations, calcium carbonate [CaCO3] was 
included to stabilize the mixture by neutralizing any 
acid that may be present. The smoke was once con- 
sidered relatively harmless, but it is now out of favor. 


Formulations 2 and 3 are variants of the white smoke 
discussed above. Formulations 4 and 5 produced yel- 
lowish-orange and black smokes, respectively. 


HC smoke devices were somewhat problematic, es- 

pecially on-board ships, because mixtures of zinc 

dust and hexachloro-ethane are subject to self-heating 

and spontaneous ignition in the presence of moisture. 
HDPE — Abbreviation for high-density polyethylene. 
HE — Abbreviation for high explosive. 


HEADING (fireworks) — See firework rocket heading. 
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HEALTH AND SAFETY EXECUTIVE (UK) — (Abbrevi- 
ated HSE) — The Health and Safety Executive is the 
UK national, independent watchdog for work-related 
health, safety and illness. Itis an independent regulator 
and acts in the public interest to reduce work-related 
death and serious injury across Great Britain’s work- 
places. The HSE licenses all commercial explosive 
manufacturing activities, which includes fireworks, 
and larger explosives stores. The Health and Safety 
Laboratory (Abbreviated HSL) provides extensive 
facilities with test ranges and specialist scientific sup- 
port to the HSE for their investigations and the con- 
trol of hazards relating to all industrial processes. For 
more information see: 

www.hse.gov.uk and www.hsl.gov.uk 


HEALTH HAZARD — A classification of a chemical for 
which there is statistically significant evidence that 
acute or chronic health effects can occur in exposed 
persons. The term health hazard includes chemicals 
that are toxic or highly toxic as well as irritants and 
corrosives. 


Health hazard separates the types of toxicities where 
a substance can cause lethality to the entire body (e.g., 
a systemic toxicant), lethality to specific organs (e.g., 
a kidney toxicant), major or minor damage, or cause 
cancer wherein the cancer is what causes the damage 
and/or lethality. These are globally accepted defini- 
tions of toxicity. Anything falling outside of the defi- 
nition cannot be classified as a toxicant. 


HEARING CONSERVATION PROGRAM - A program 
structured in compliance with the US Occupational 
Safety and Health Administration’s requirements that 
involves monitoring noise levels, providing employee 
notification, conducting audiometric testing, providing 
hearing protection, providing worker training and 
performing recordkeeping. 


HEARING PROTECTION EQUIPMENT — See personal 
protective equipment. 


HEART (fireworks) — (Also colored heart or central 
heart) — A dense display of contrasting stars near the 
center ofa spherical shell break. According to some, a 
heart is roughly synonymous with one type of pistil, 
although a heart may be somewhat larger in diameter 
than pistils and a have longer duration than typical 
Japanese-style pistils. The appearance of a shell with 
a colored heart is shown below as a time-series of 
images. 
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Photo Credit: Eldon Hershberger 


Typically, a colored heart is produced by placing a 
small assemblage of contrasting color stars in the 
center of the spherical aerial shell. In a shell with a 
heart, the colored stars of the heart are usually small- 
er or at least are somewhat shorter burning than the 
other stars in the shell. The construction of a spheri- 
cal shell with a single petal and colored heart is illus- 
trated below in cross section. 
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A heart shell can also refer to a pattern shell that ex- 
plodes to produce a heart-shaped pattern of stars. 


HEAT — See thermal energy. 


HEAT BARRIER (rocketry) — A temperature effect that 
tends to limit the maximum speed of an object 
through the atmosphere. Heat results from friction 
and from the fact that at highspeed, air is compressed 
and heated by a ram effect. 


HEAT CAPACITY — (Symbol: C) — The ratio of the 
quantity of heat absorbed or released (Aq) by a system 
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to the corresponding temperature rise or fall (A7) that 
occurs: 


C = Ag/AT 


When the value of heat capacity varies significantly 
with temperature over the range of interest, it must be 
defined as a differential quotient dg / dT where dq is 
an infinitesimal increment of heat and d7 is an infini- 
tesimal increment of temperature. 


The heat capacity of a pyrotechnic composition has 
an effect on its burn rate and its ease of ignition. All 
else being equal, compositions with low heat capacities 
will be easier to ignite and will have higher burn rates. 
This is because it requires less thermal energy to raise 
the temperature of the composition to its ignition 
temperature. Heat capacity is also important in de- 
termining the flame temperature of burning pyro- 
technic compositions. All else being equal, lower 
heat capacities of the reaction products correspond to 
higher flame temperatures. 


HEAT CAPACITY RATIO — (Symbol: y or k) — (Also 
specific heat ratio) — The dimensionless ratio of heat 
capacity at constant pressure (C,) and at constant 
volume (C,): 


aes 


v 


Knowledge of heat capacity ratios is useful for con- 
verting reaction or flame temperatures determined at 
constant pressure to those determined at constant 
volume. More importantly, these values are also 
needed to calculate the amount of heating a gas expe- 
riences as a result of adiabatic compression, such as 
in the collapse of void spaces in an explosive compo- 
sition during the course of an explosive reaction. The 
temperature before (7\) and after (7) a sudden pres- 
sure (P) change is given by: 


(y-1) 


For ideal monatomic gases, the heat capacity ratio is 
5/3 (1.667). For diatomic gases, heat capacity ratios are 
approximately 1.4. For gases having more than two 
atoms per molecule, the heat capacity ratio is less than 
1.4. Values of the het capacity ratio for some gases 
involved in pyrotechnic and explosive reactions are 
presented below. 


Page 640 


Heat 
Gas Species Capacity 


a 


Steam (H20@)) 


Heat capacities are only minimally a function of tem- 
perature. The values presented in the table are for gases 
at 25 °C, except for steam, which is at 100 °C. For 
temperatures ranging to approximately 3000 °C, these 
values can still be used without introducing substan- 
tial errors. 


HEATER-COIL SMOKE — See smoke, heater-coil. 


HEAT FLUX CALORIMETRY — (Abbreviated HFC) — A 


method useful for studying the thermal properties of 
pyrotechnic compositions. HFC instruments measure 
heat flow just as in differential scanning calorimetry 
(DSC). In HFC both the sample and the reference 
material are surrounded by a thermopile, which con- 
sists of a thermocouple network arranged in series. 


HFC instruments are also characterized by having ex- 
tremely good insulation. Because of this design and 
because the sample size is much larger than for DSC 
(typically 50 to 100 mg for pyrotechnics), HFC is more 
sensitive to heat flow than DSC. Moreover, because 
of the very slow heating rate capabilities of HFC in- 
struments (typically 0.1 to 2.0 °C per minute), they 
can be even more sensitive than accelerating rate 
calorimetry (ARC) instruments. Therefore, HFC can 
detect much weaker thermal events than can be ob- 
served by other means. This constitutes the main ad- 
vantage of the technique. 


The main disadvantages of HFC are the rather long 
testing periods associated with the very slow heating 
rate and the much lower temperature range (typically 
ambient to only 300 °C) than those possible with other 
thermal analysis equipment. Since energetic materials 
(e.g., high explosives) often decompose at tempera- 
tures well below 300 °C, this is not as limiting as it 
might at first seem. 


A typical HFC instrument is shown below. 
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CALVET 
calorimeter 


The sample and reference cells are introduced in the 
calorimeter from the top, through long access holes. 
The cells themselves are fitted at the bottom of a long 
transfer tube. A detailed view of a transfer tube for 
high-pressure experiments is illustrated below. 


w<+—— Swagelok™ 
VCO fitting 
1/4 OD x 0.125 in. 
ID SS Tubing 


Alumina Mobile Cap 


Liner 


Fixed Caps 


Thermal Plug 


1/4 in. Swagelok™ 
Fittings with Silver 
Front Ferrule 


+——— Pressure Cell 
(316SS) 


Inside the cells, the sample and the reference material 
are contained within a liner of either alumina or glass. 


In the HFC instrument, the specimen is most often 
heated at a constant rate or held at constant tempera- 
ture (i.e., isothermal). Experiments can be performed 
with the transfer tubes open to the atmosphere or 
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closed. Also, various gases can be introduced into the 
transfer tubes if testing in an inert or oxidizing at- 
mosphere is desired. 


Some HFC instruments have been adapted to perform 
experiments at elevated pressure (up to 70 MPa, 
10,000 psi). In this case, the cells and transfer tubes are 
specially designed to withstand these high pressures. 
Since these cells have thicker walls, there is a loss of 
sensitivity. For this application, the transfer tubes must 
also be connected to a high-pressure manifold. The 
nature of the gas and the initial pressure (if applica- 
ble) need to be specified as experimental parameters. 


The HFC apparatus is normally calibrated for tem- 
perature and heat flow by subjecting pure substances 
with known melting points and enthalpies of fusion 
to the same heating program and under identical con- 
ditions as those required for the actual measurements 
on test samples. 


Typical HFC thermal curves (100 mg samples run at 
0.1 °C per minute) obtained for Black Powder in air 
and in argon at ambient pressure are presented below. 
The latter are also compared with a differential scan- 
ning calorimetry (DSC) result for the same Black 
Powder sealed in a glass-microampoule run with a 
0.5 mg sample at 5 °C per minute. 


——HFC - in argon 
== HFC - in air 

= — DSC - sealed glass 
ampoule (air) 


<—— Endo Q (mW) 


0 100 200 300 400 
Temperature (°C) 


In the temperature range below 150 °C, all three 
curves show the melting of sulfur at 116 °C (1), and 
the rhombic to trigonal phase transition of potassium 
nitrate at 133 °C (2). These (being endothermic pro- 
cesses) appear as negative peaks in the thermal curve 
(i.e., heat is absorbed by the sample). Above 200 °C, 
all three curves show the strong exotherm (4) corre- 
sponding to the oxidation of the charcoal by potassium 
nitrate. It can be observed that, due to the much larg- 
er sample size and sensitivity of the HFC technique, 
the onset of this exotherm occurs at a substantially 
lower temperature in the HFC curve. It can also be 
observed that the onset of this exotherm also occurs 
at a lower temperature when the experiment is per- 
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formed in air and, in this case, that an additional ex- 
otherm is detected around 180 °C (3). These features 
are believed to result from the oxidation of sulfur re- 
maining in the liquid phase and the oxidation of free 
carbon from the decomposition of the hydrocarbons 
contained in the charcoal that are both promoted by 
the presence of oxygen [O.] in air. 


(The data and photographs in this entry were repro- 
duced with the permission of the Minister of Public 
Works and Government Services, courtesy of Natural 
Resources Canada, 2011.) 


HEAT FLUX DENSITY — The rate at which thermal en- 
ergy (i.e., heat) flows past a unit square imaginary 
plane, with units of power per unit area. Heat flux 
density is of relevance in ignition and propagation, 
especially that involving radiant energy. 


HEAT-GENERATING CARTRIDGE — See cartridge, 
heat-generating. 


HEATING, AERODYNAMIC - See aerodynamic heating. 
HEATING, SPONTANEOUS - See self-heating. 


HEATING, VENTILATION AND AIR CONDITIONING — 
(Abbreviated HVAC) — For indoor venues using py- 
rotechnics, the sufficiency of the air-handling system 
is very important. There have been reports of the smoke 
and/or other combustion products from indoor pyro- 
technics triggering serious and even fatal asthma at- 
tacks. The use of low-smoke compositions and de- 
vices is important but not sufficient alone. It is essen- 
tial that almost all (and preferably all) of any smoke 
and other combustion products be exhausted directly 
from indoor venues without entering public areas. 


air curtain — A special ventilation system used to 
prevent smoke and other combustion products travel- 
ing from the area in which pyrotechnics are used into 
spectator areas. This is accomplished by using a con- 
tinuous layer (i.e., a wall) of laminar flowing air that 
effectively separates the two areas; this laminar flow- 
ing air is exhausted from the building. In this way, any 
smoke that would otherwise pass into the area occu- 
pied by the audience is captured by the air curtain 
and removed. 


HEAT OF --- — Until relatively recently, changes in en- 
thalpy during a chemical reaction, combustion and 
phase changes such as vaporization, were described 
as heat of reaction, heat of combustion, heat of vapor- 
ization, etc. This causes confusion because while en- 
thalpy is a thermodynamic state function, heat is not, 
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and it is only under conditions of constant pressure 
that enthalpy and heat are equal. More correctly, it is 
now almost universal in science to refer to these 
quantities as enthalpy of reaction, enthalpy of com- 
bustion, enthalpy of vaporization, etc. 


Despite this, practitioners in the fields of pyrotechnics, 
propellants and explosives have been slow to adopt 
the current terminology. For this reason, the literature 
of pyrotechnics, propellants and explosives may still 
use the older heat of — terminology. 


In this text, in all but a few instances, the ‘heat of? — 
terms are defined under the entry ‘enthalpy of’ —. 


HEAT OF ABLATION — A measure of the ability of an 


ablating material to dissipate heat such as during the 
atmospheric re-entry of a spacecraft. It is related to 
the material’s enthalpy of fusion and enthalpy of va- 
porization. Since not all of the ablating material is 
vaporized before it leaves the ablating surface, the 
heat of ablation is a function of the configuration of 
the ablating material and of the conditions of reentry. 


Numerically, the heat of ablation is the rate of input 
heating divided by the rate of mass loss that results 
from ablation. 


HEAT OF EXPLOSION and HEAT OF DETONATION — 


The thermal energy (i.e., heat) that is liberated when 
an energetic material decomposes by exploding (or 
detonating). Typically, heat of explosion differs 
somewhat from heat of combustion (1.e., enthalpy of 
combustion) because the chemical reaction products 
are different. When the explosion is a true detonation, 
heat of explosion is appropriately described as the heat 
of detonation. Typical units are kilojoules per kilo- 
gram (kJ/kg). 


Recently, the term heat of explosion has been used to 
include any heat produced by any post-detonation af- 
terburning of the products of detonation. For explo- 
sives such as TNT, which has a substantially negative 
oxygen balance (—74%), the afterburning can make a 
considerable difference in the result. 


By convention in thermodynamics, heat is a positive 
quantity when heat is added to the system (i.e., for 
endothermic processes). By that convention, since 
chemical explosions are always exothermic processes, 
heats of explosion would always be negative quanti- 
ties. Despite this, in explosive technology it is common 
to express heats of explosion as positive quantities. 
Some typical values of heats of explosion are pre- 
sented below. 
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Heat of Explosion 
(kJ/kg) @) 


T i) 


a) Values to the nearest 10 kJ/kg. 
b) Davis, 1943. 
c) Meyer, 2002. 


HEAT OF FUSION — See enthalpy of transition. 


HEAT PAPER — A material composed of a pyrolant 
coated on an inorganic paper-like substrate, or a mix- 
ture of pyrolant and inert mineral fibers made into a 
paper-like material by small-scale paper-making tech- 
niques. Heat paper is used in thermal batteries (see 
battery, electrical) as a heat source or as a fast- 
burning fuse or ignition strip to ignite other pyrotech- 
nic heat sources in such batteries. Examples of heat 
papers are discussed in US Patent Application 
2015/0274607 A1 filed in 2014 by Korean inventors 
Chaenam Im, Jungmin Lee, Seungho Kang and Hae- 
won Cheong. This Application also disclosed how the 
thermal output of such heat paper can be controlled 
by coating the product with a suitable salt (for exam- 
ple, potassium chloride) that absorbs heat as it melts. 
A typical example of a pyrolant for heat paper, dis- 
cussed in the Application of Im et al., consists of 
21% fine (2 um) zirconium powder and 79% fine (1 
um) barium chromate powder. This was made into a 
paper-like material by subjecting an aqueous slurry of 
1250 parts of pyrolant and 100 parts of glass fibers to 
a small-scale paper-making process. A similar heat 
paper was disclosed in 1975 by American inventors 
Richard C. Evans, Murray A. Heine and Stanley J. 
Ciosek in US Patent 3,884,719, originally filed in 
1955. The pyrolant, and the heat paper made from it, 
are very easily ignited and burn extremely rapidly. 
Accordingly, great care is required in making and 
handling of such materials. 


HEAT SHIELD - Any device that protects something 
from heat. In aerospace, it is a protective layer de- 
signed to shield a reentry body from high tempera- 
tures. (See ablative material and heat sink.) 


HEAT SINK — Typically, a mass of material used to ab- 
sorb and/or help dissipate the thermal energy (i.e., 
heat) produced by some process or activity. 


In electronics: A heat sink (often a finned piece of 
aluminum) is commonly used to help dissipate the 
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heat produced by high-power, solid-state electronic 
components, such as used in some computerized firing 
control equipment. A high-power, solid-state relay 
mounted on its heat sink, is shown below. 


In pyrotechnics: Any inert material added to a pyro- 
technic composition will absorb a portion of the heat 
generated by the composition, both while the compo- 
sition is being heated to ignition and once the compo- 
sition is burning. This can be an aid when it is neces- 
sary to clean up spilled material. For example, cover- 
ing a pyrotechnic composition with a sufficient amount 
of powdered clay before sweeping the composition 
can effectively render the composition inert with re- 
spect to accidental ignition. 


When the heat sink material undergoes endothermic 
decomposition at a temperature below the ignition 
temperature of a pyrotechnic composition, it is much 
more effective in preventing accidental ignitions. For 
example, sodium hydrogen carbonate (i.e., sodium 
bicarbonate or baking soda) begins to decompose 
slowly around 60 °C and its decomposition becomes 
rapid by approximately 200 °C: 


2 NaHCO; + Heat > NasCO; + H20 + COr 


In addition to consuming thermal energy as the sodium 
hydrogen carbonate is being heated, its subsequent 
decomposition consumes an additional 550 kJ/kg of 
thermal energy. If as little as approximately 20% so- 
dium hydrogen carbonate is added to meal powder 
(i.e., fine Black Powder), it will not be capable of 
burning. 


This same heat sink action is the basis for using water 
to extinguish or prevent the burning of a pyrotechnic 
composition. In addition to water’s relatively high 
heat capacity (4.18 kJ/kg °C); its consumption of 
2250 kJ/kg upon vaporization consumes a great quan- 
tity of thermal energy. Thus, water is very effective 
in preventing an unburned pyrotechnic composition 
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from reaching its ignition temperature and being ca- 
pable of propagating. A somewhat similar heat sink 
method, using fuel oil, can often safely control the 
burn rate during the disposal of pyrotechnic composi- 
tions by burning (See disposal, pyrotechnic). 


HEAT TRANSFER — See thermal energy transfer 
mechanism. 


HEAT TEST-— An accelerated stability test for explosive 
materials, accomplished by raising the temperature of 
the test conditions. 


HEAT VULCANIZER PATCH -— See fire patch, pyro- 
technic. 


HEAVY (fireworks) — An adjective connoting powerful 
or large (e.g., a heavy report). 


HEAVY REPORT (fireworks) — An especially loud ex- 
plosive sound produced by a powerful exploding de- 
vice (salute, report or shot). This is usually described 
as a bottom shot when it is the last effect of a multi- 
break aerial shell. 


HEDVALL EFFECT — An expression of the observation 
that the reactivity of a solid reactant tends to increase 
around the temperature of a solid-state phase transi- 
tion. It is named for Swedish chemist Johan Arvid 
Hedvall (1888-1974), who discovered it in 1934 in 
the context of changes in catalytic activity of ferro- 
magnetic material at the Curie point. The Hedvall ef- 
fect is thought to be related to changes in the loose- 
ness of the crystal lattice, as atoms in a crystal at a 
phase transition rearrange themselves to assume their 
new lattice position. This temporary looseness of the 
lattice affords a greater opportunity for solid-state re- 
actions to take place. In pyrotechnics, the Hedvall ef- 
fect can explain an observation that the ignition char- 
acteristics of a composition change at a temperature 
close to a crystalline transition temperature of one of 
the ingredients. 


Crystal lattice looseness is also the basis for in- 
creased pyrotechnic reactivity with increasing tem- 
perature (see Tammann temperature). 


HELICOPTER (fireworks) — (Also aerial spinner) — A 
consumer firework device that spins and rises verti- 
cally into the air, commonly producing a spray of 
sparks in the process and rising into the air as much 
as 100 feet (30 m) or more. An early helicopter (i.e., 
a miniature tourbillion) is shown below. 
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Traditional tourbillions have one or more exhaust 
vents on the side near one or both ends that provide 
for its spinning. Other vents, on the underside of the 
tube, provide an upward thrust. In contrast, a current 
production firework helicopter typically has only a 
single exhaust vent. Because of the angle of the vent, 
the combustion gases exiting the vent provide both the 
spinning and upward forces for the helicopter. An- 
other slight difference is that the stabilizing wing is 
usually designed to produce some minimal lift as the 
device spins. (Although not clearly shown below, the 
paper wings have a slight twist to them.) 


ste 


The composition used in helicopters is often based on 
Black Powder with the addition of some spark-gen- 
erating coarse charcoal or metal. Common names of 
some commercially available helicopters in the US in- 
clude Planes Flying at Night, 
Sunflower (shown above) and 
Two-Stage Silver Jet. 


A helicopter usually produces 
a small display of colored stars 
or a small report at the top of 
its trajectory. One that pro- Sar nee 
duces a report is somewhat conta semanas © 
more likely to be described as eee ee 
a buzz bomb. An example of 
an early Buzz Bomb is shown 
at the right. The device pro- 
duced a substantial trail of 
charcoal sparks as it ascended. 
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The display terminated with a sharp report produced 
by asmall amount of high-quality flash powder loaded 
into the end of the device furthest from the fuse. 


In firework displays: Although labor intensive, heli- 
copters and buzz bombs have been used effectively in 
firework displays by the near simultaneous ignition 
of a large quantity of the devices with quick match. 


Historical: Traditional tour- 
billions have been known for 
a very long time (e.g., see 
Jones, 1766). Many of the 
small helicopters described 
above are anticipated in Brit- 
ish Patent 338,017 of 1930, 
granted to C. T. Brock & 
Co’s ‘Crystal Palace’ Fire- 
works Limited and British 
pyrotechnist Bernard Brock 
(1888-1958). The illustra- 
tions to the right are taken 
from that patent. 


Fig. 1 is an end-on side-view of the device, and Fig. 2 is 
a view from beneath the device. The labelled features 
are a tube (a) charged with a suitable pyrotechnic com- 
position and provided with a single discharge aperture 
(b) directed in an oblique downward direction such 
that, upon ignition of the composition through aperture 
(b) by means of a fuse (c), the discharge of fire from 
(b) would cause the device to spin and to rise into the 
air. A transverse strip (d) of wood, cardboard, metal 
etc. serves to stabilize the device in flight and is 
formed to act as a propeller by virtue of portions (e) 
on opposite sides of strip (d) being bent upward, as 
indicated. 


Details of the helicopter described in the text above 
as a ‘Buzz Bomb’ were disclosed in US Patents 
2,443,298 and 2,443,299 granted in 1948 to Ameri- 
can inventor and toy manufacturer Lawrence W. 
Brown (1881-1960). 


Flying Saucer — (Also Artificial Satellite) — A small 
helicopter-type consumer firework consisting of a 
small four-bladed propeller made of stiff light-metal 
sheet or thick foil, with a cardboard cylinder about 
1.5 inches long and 0.25 inches in diameter glued 
across it. A very thin black match fuse protruded 
from the side of one end of the cylinder, which was 
closed at each end. To fire it, one placed the device 
on a dinner plate and lit the fuse. The firework flew 
surprisingly high, making a pretty spiral trail of or- 
ange-red sparks. The cardboard cylinder was con- 
sumed, leaving only the two ends glued to the little 
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metal fan. These were originally exported from Japan 
in the 1950s under the name Flying Saucer. Another 
example, Artificial Satellite, which was made in Tai- 
wan in the 1970s is shown below. On the left is the 
underside, with the label that had to be removed be- 
fore the device was fired. On the right is the top side, 
with the central cardboard cylinder and its fuse. 


© ARTIFICIAL 
‘S\yeLiuyTa. & 


J MADE 10 TAIWAN 8 
Tra F.0D 


lJ 
BY PRESIDENT F. & F 


Photo credit: Andrew Deakin. 


Two-Stage Silver Jet — (Also Silver Jet) — A well- 
known US helicopter consumer firework that had a 
heavy paper tube enclosed in a molded-plastic casing 
with plastic wings. The initial force and spark compo- 
sition was a modified Black Powder that left a golden 
spark tail. Approximately two seconds after ignition, 
the second stage of composition produced bright white 
aluminum sparks. This second stage effect was 
achieved with a potassium perchlorate and bright 
aluminum composition that burned relatively fiercely 
and continued to propel the device upward. This de- 
vice has been copied by the Chinese in a form greatly 
resembling the original in appearance and effect. The 
modern equivalent to the two-stage silver jet is the 


HELLHOFFITE — See Sprengel explosive. 
HELMHOLTZ RESONATOR -— See bomb tank. 
HEMISPHERE (fireworks) — See shell casing, aerial. 


HEMP CHARCOAL - See charcoal type. 
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HENKIN-MCGILL IGNITION TEMPERATURE — See 
ignition temperature (Hot Bath Method Three). 


HEPA FILTER (industrial hygiene) — Abbreviation of 
high-efficiency particulate air filter. 


HEPTADECANE-CARBOXYLIC ACID — See stearic acid. 


HERMETIC SEAL — A closure that is impervious to air 
or other fluids. Hermetic sealing is important for many 
types of pyrotechnic devices, especially those with 
compositions that include metal fuels that are subject 
to corrosion (such as magnesium) or for those devices 
that may be stored for long periods before use. 


HERTZ — (Symbol: Hz) — The derived SI unit of fre- 
quency, named after German physicist Heinrich Hertz 
(1857-1894). Frequency is the number of events or 
cycles of a repetitive electric signal occurring during 
a specified time interval. One hertz corresponds to 
one event or one cycle of an electric signal occurring 
per second: 


1 Hz=1/s=s"! 


In fireworks: The flash rate of a strobe effect would 
appropriately be described by its frequency in hertz 
(which is typically 0.5 to 5 Hz). In addition, the fre- 
quency of oscillations (i.e., pitch) of whistles is de- 
scribed in hertz. 


HESS’ LAW - (Originally Hess’ law of constant heat 
summation) — A useful thermochemical application of 
the law of conservation of energy, introduced in 1940 
by the Swiss-born Russian chemist Germain Henri 
Hess (1802-1850). Hess’ law states that the heat 
evolved or absorbed (now described as the enthalpy 
change) in a chemical process is the same whether 
the process takes place in one step or in several steps. 
This is useful in that it can greatly simplify the calcu- 
lation of enthalpy of reaction for complex reactions 
and those not readily measured in the laboratory. 


HESS TEST — See explosive output test. 


HETEROGENEOUS — Something of non-uniform com- 
position, roughly the opposite of homogeneous. All 
mixtures of powdered solids, such as pyrotechnic 
compositions, will be heterogeneous, at least on a 
microscopic level. 


HETEROGENEOUS EXPLOSIVE — An explosive that is 
composed of substances in more than one phase (solid, 
liquid or gas) or composed of a mixture of solid sub- 
stances. For example, the term is used for pyrotechnic 
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explosives such as flash powders and Black Powder, 
which are physical mixtures of oxidizer(s) and fuel(s). 
The high explosive (i.e., blasting agent) ANFO is a 
heterogeneous explosive because it is a physical mix- 
ture of two substances, and they are in different phases. 
In contrast, in a homogeneous explosive both the ox- 
idizer and fuel are part of the same molecule, such as 
trinitro-toluene and nitroglycerin. 


HETEROGENEOUS PROPELLANT — See propellant 
type. 


HETEROGENEOUS PYROLANT — See pyrolant. 


HETEROGENEOUS REACTION — A chemical reaction 
in which the reactants are not all in the same phase 
(i.e., physical state). For example, pyrotechnic reac- 
tions involving ammonium perchlorate are often de- 
scribed as being heterogeneous reactions. This is be- 
cause at the reaction temperature, the ammonium per- 
chlorate [NH4C1lO4] will have decomposed directly 
from the solid state to produce gaseous oxygen (and 
nitrogen oxides), while the fuel(s) will likely either 
be in the solid or liquid state(s) at that temperature. 


HEXACHLORO-BENZENE — [C6Clo] — {CAS 118-74-1 } 
— (Abbreviated HCB) — (Also perchlorobenzene) 


Hexachloro-benzene has been used as a chlorine donor 
(75% chlorine) in colored-flame compositions (see 
colored-flame chemistry). At present, it is not used in 
the US and Europe because of health concerns. It is 
colorless as crystals and white as a powder. 


Structural formula: 
(see benzene ring) 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.002 mg/m’; IARC- 
2B: possibly carcinogenic to humans. 
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UN hazard classification: PSN: hexachloro-benzene; 
HC: 6.1 — poison inhalation hazard (UN2729). 


HEXACHLORO-CYCLOHEXANE — [CoH¢6Clo] — {CAS 
58-89-9} — (Abbreviated BHC) — (Also benzene hex- 
achloride, 1,2,3,4,5,6-hexachloro-cyclohexane, y- 
benzene hexachloride or Lindane™) 


Hexachloro-cyclohexane has been used as a chlorine 
donor (73% chlorine) in colored-flame compositions, 
producing hydrogen chloride gas (see colored-flame 
chemistry). While it is not as effective as polyvinyl 
chloride (PVC), it is used for some strobe effects be- 
cause it does not interfere with the strobing of the 
flame. It has also been used as the active ingredient in 
pyrotechnically generated insecticidal smokes. Hexa- 
chloro-cyclohexane is colorless as crystals and white 
as a powder, with a slight musty odor. 


Structural formula: a 


[Characteristic | Value f(a) 


a) Code for reference source, see preface. 
b) For the gamma (y) phase. 


Health information: TLV-TWA: 0.5 mg/m’; listed as 
a probable carcinogen (EPA-B2); IARC-2B: possibly 
carcinogenic to humans. 


UN hazard classification: PSN: organochlorine pesti- 
cides, solid, toxic; HC: 6.1 — poison (UN2761). 


HEXACHLORO-ETHANE — [C2Cl6] — {CAS 67-72-1} — 
(Abbreviated HCE) — (Also perchloro-ethane, carbon 
hexachloride or carbon trichloride) 


Hexachloro-ethane has been used as the oxidizer in 
some military smoke compositions (see HC smoke). It 
can be used as a chlorine donor (90% chlorine) in col- 
ored-flame compositions (see colored-flame chemis- 
try). At present, it is not used in the US and Europe 
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because of health concerns. Hexachloro-ethane is 
colorless as crystals, white to yellowish-white as a 
powder with a camphor like odor. 


Structural formula: 


(s) = sublimes slowly at room temperature producing an 
odor. 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 1 part per million; 
absorbs through the skin; listed as carcinogen by 
NIOSH, NTP and IARC-2B: possibly carcinogenic to 
humans. 


UN hazard classification: not regulated. 


HEXACHLORO-PENTADIENE DIMMER - See Mirex™. 


HEXAHYDRO- /, 3,5-TRINITRO- /, 3,5-TRIAZINE - 


[CsHeNoOo] — {CAS 121-82-4} — (Abbreviated RDX 
for research department explosive) — (Also cyclonite, 
royal demolition explosive, hexahydro-1,3,5-trinitro- 
1,3,5-triazine hexogen,  cyclo-1,3,5-trimethylene- 
2,4,6-trinitramine or cyclo-trimethylene-trinitramine) 


Hexahydro-1,3,5-trinitro-1,3,5-triazine is an im- 
portant, high-brisance explosive. It has a TNT equiv- 
alence of approximately 1.5, is relatively insensitive 
and very stable. It may be combined with a plasticizer 
to make the common plastic explosive, C-4, com- 
monly used in military demolitions. Hexahydro-1,3,5- 
trinitro-1,3,5-triazine is also used as a high-energy 
component in some military rocket propellants. It is 
colorless as crystals and white as a powder. 


Structural formula: 
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Characteristic (a) 


a) Code for reference source, see preface. 
b) Ata density of 1.76 g/cm’. 


Hazard: Explosive. 


Health information: TLV-TWA: 0.05 mg/m’; absorbs 
through the skin. 


HEXAMETHYLENE-TETRAMINE — [CoHi2Na] — {CAS 
100-97-0} — (Abbreviated HMTA) — (Also hexa- 
methylene-tetraamine, hexamine, methenamine, ami- 
noform, —_1,3,5,7-tetraaza-tricyclo[3.3.1.1*”]decane, 
cystogen or utotropine) — It is sometimes erroneously 
described as hexamethylene-amine. 


Hexamethylene-tetramine burns in air with a slightly 
yellowish, smokeless flame. It is an intermediary in 
the production of the explosive RDX and is used to 
cure phenol-formaldehyde (phenolic) and resorcinol- 
formaldehyde resins. Hexamethylene-tetramine is oc- 
casionally used as a fuel in colored-flame composi- 
tions. It is colorless as crystals, white as a powder and 
has a distinct fishy odor. Hexamethylene-tetramine is 
made by the reaction of formaldehyde and ammonia. 


|__Value__|¢a) 


Characteristic 


Health information: TLV: none established; skin sen- 
sitizer. 


UN hazard classification: PSN: hexamethylenetetra- 
mine; HC: 4.1 — flammable solid (UN1328). 


Structure: The hexameth- 


‘ N 

ylene-tetramine molecule has 
a peculiar, almost spherical a i. 
three-dimensional _ structure, | 
illustrated to the right. This is re 

: f ; ch CH, 
a perspective sketch; in reali- = 7"? NN 
ty the N-C-N bond angles are we 
all the same (113.0°) as are Nar 
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the C-N-C bond angles (107.6°) and all the N-C bond 
lengths (0.147 nm). 


Historical: Hexamethylene-tetramine was discovered 
in 1859 by Russian chemist Alexander Mikhaylovich 
Butlerov (1828-1886) and was described in detail by 
him in 1860. In 1917 American inventor Conrad Fred- 
erick Schrimpe was granted a patent (US 1,248,557) 
for solid fuel pellets consisting of 5-parts hexameth- 
ylene-tetramine and 1-part potassium permanganate. 
These pellets were intended for use by campers, etc. as 
emergency heat sources. Subsequently, many patents 
have been issued for similar solid fuel pellets based 
on hexamethylene-tetramine, with or without added 
oxidizers and commonly with small amounts of par- 
affin wax or stearic acid to improve the burning char- 
acteristics. 


In 1920 British pyrotechnist Arthur Brock (1858- 
1938) of C. T. Brock & Company’s Crystal Palace 
Fireworks Limited was granted a patent (British 
152,529) for the use of hexamethylene-tetramine or 
its salts as fuels in pyrotechnic compositions. More 
recent work has confirmed that hexamethylene- 
tetramine is a useful pyrotechnic fuel. 


Use in Pyrotechnics: Hexamethylene-tetramine is of- 
ten described as a ‘cool-burning’ fuel. This is true if 
the standard of comparison is magnesium, but it is not 
true if the comparison is to carbon, sulfur or to other 
common organic fuels. A comparison of the calculated 
equilibrium temperatures of stoichiometric mixtures 
of potassium perchlorate and some common pyro- 
technic fuels is presented below. 


Temperature () 


a) Values are equilibrium temperatures at 1 atmosphere, 
calculated by the NASA-CEA program using values for 
the standard enthalpies of formation given in this Dic- 
tionary. 


Hexamethylene-tetramine is said to increase the size 
of the flame envelope, which is plausible given that 2 
moles of nitrogen gas are produced in the combustion 
of each mole of hexamethylene-tetramine. As it is 
somewhat hygroscopic, the presence of high concen- 
trations of hexamethylene-tetramine can make a 
composition difficult to dry, thus non-aqueous binders 
may be preferable. Hexamethylene-tetramine is said 
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to be sensitive to friction and shock when mixed with 
potassium chlorate or barium chlorate; its use with 
these oxidizers should be avoided. 


Some example compositions containing hexameth- 
ylene-tetramine are presented below. 


Formulation — 
Ingredient | 


Parts by Weight 
(1) 12) (3) | (4) | (5) | (6) 


Formulation 1 (Jennings- White, 1988) is fora blue star 
composition. Formulation 2 (von Baum, 1983) is for a 
green star composition. Formulation 3 (Bases, 1978) is 
for a red lance composition. Formulation 4 (Winokur, 
1980) is for a purple flame composition. Formulation 
5 (Raitzer, 1990) is fora yellow go-getter composition, 
which must be dampened with acetone, never with 
water. Formulation 6 (Hancox, Wilson and Whiffen, 
1999) is for a low-smoke salute composition. 


HEXAMINE — See hexamethylene-tetramine. 


HEXANITRO-CELLULOSE — [Ci2Hi4O04(NO3)6] — See 
nitrocellulose. 


HEXANITRO-DIPHENYL-ETHYLENE — See hexameth- 
ylene tetramine. 


HEXANITRO-HEXA-AZA-ISOWURTZITANE = 
[CoHsN2On] — {CAS 135285-90-4} — (Abbreviated 
CL-20 or HNIW) 


Hexanitro-hexa-aza-isowurtzitane is a solid, crystal- 
line high explosive of the nitramine family. It is char- 
acterized by a high energy density and a high-deto- 
nation velocity, but it is also quite sensitive to impact. 
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Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Hazard: Explosive. 


Health information: TLV: none established; not studied 
for toxicity. 


HEXANITRO-STILBENE — [CyHsNcOw] — {CAS 


20062-22-0} — (Abbreviated HNS) — (Also 1,1'-(1,2- 
ethenediyl)bis[2,4,6-trinitrobenzene]; 1,2-bis-(2,4,6- 
trinitrophenyl)-ethylene; hexanitro-dipheny]- 
ethylene) 


Hexanitro-stilbene is a heat-resistant explosive used 
in some deep rock blasting and by the military as an 
additive to cast trinitrotoluene (TNT) to improve its 
fine, crystalline structure. It is yellow as crystals and 
as a powder. 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Hazard: Explosive. 


Health information: TLV: none established; not studied 
for toxicity. 


HEXOGEN —See hexahydro-I, 3, 5-trinitro-1, 3,5-triazine. 


HFC — Abbreviation for heat flux calorimetry and hy- 


drofluoro-carbons. 


HIDE GLUE — (Also animal glue)-— [processed biological 


product]— An adhesive made by boiling animal prod- 
uct wastes (mostly skin, tendons and bones, all of 
which contain collagen) in water and evaporating the 
resulting liquid. Hide glue is available as brownish 
flakes or granules. The glue is commonly reconstituted 
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by adding glue chips or granules to cool water, soaking 
for a while, heating the mixture until hot (~140 °F, 60 
°C) and then stirring until the glue has fully dissolved. 
The viscosity (i.e., thickness) of the mixture is deter- 
mined by the glue to water ratio and its temperature. 
Hide glue thickens or gels as it cools and, unless overly 
diluted with water, turns essentially solid before 
reaching room temperature. With time, most of the 
water added to the glue evaporates to leave the glue 
completely rigid. 


Hide glue is used as a binder in the manufacture of 
common matches. 


In fireworks: Hide glue is sometimes used for gluing 
aerial shell time fuses into end disks and for similar 
applications where its relatively high viscosity and 
thermal setting characteristics are beneficial. It is also 
commonly used in China to seal cartons of consumer 
fireworks. 


HIDYNE — See hydyne. 
HIGH-ALTITUDE AIRBURST — See airburst. 


HIGH-DENSITY POLYETHYLENE — (Abbreviated 
HDPE) — A plastic made by polymerizing ethylene 
[C2H.4] into especially long chains of CH2 groups. 
When this polymer consists of shorter lengths of CH2 
chains, it is described as low-density polyethylene. 


In fireworks: HDPE is frequently used to make mor- 
tars for firing aerial shells because of its reasonably 
high tensile strength and the fact that upon failure, it 
does not produce especially dangerous flying debris. 


HIGH-EFFICIENCY PARTICULATE AIR FILTER — 


(Abbreviated HEPA filter) — The designation of an 
air filter that is certified to capture 99.97% of particles 
that are 0.3 micrometers in diameter. HEPA filters 
may be required to control dusts of hazardous sub- 
stances in the workplace. 


HIGH EXPLOSIVE — (Abbreviated HE) — An explosive 
that is capable of detonation when initiated while un- 
confined. This is in contrast with a low explosive that is 
only capable of deflagration even when confined. High 
explosives are characterized by a very high rate of re- 
action, propagating at a rate greater than the speed of 
sound in the unreacted explosive. High explosives pro- 
duce extremely high pressures and a shattering action. 


High explosives can be divided into the categories of 
primary high explosives, secondary high explosives, 
and blasting agents (sometimes described as tertiary 
high explosives). The terms primary, secondary and 
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blasting agent, as used in the context of high explo- 
sives, distinguish between the relatively highly sensi- 
tive initiating element at the start of an explosive 
train and successively less-sensitive explosive charges. 


Regulatory definition (US): High explosives are ex- 
plosive materials that can be caused to detonate by 
means of a blasting cap when unconfined. 


In fireworks: The US Bureau of Alcohol, Tobacco, 
Firearms and Explosives classifies all flash powders 
(in bulk) and bulk salutes as high explosives for regu- 
latory purposes. 


primary high explosive — (Also primary explosive 
or initiating explosive) — The class of high explosives 
that is highly sensitive to initiation from mechanical 
stimuli (i.e., by impact and friction) and from thermal 
energy (i.e., by heat and flame). 


A primary explosive grows from a deflagration to a 
detonation in an extremely short distance and time. It 
can also propagate a detonation wave in an extremely 
small diameter column of explosive. Thus, even in a 
very small quantity, a primary explosive either deto- 
nates or burns so explosively that it is capable of trans- 
mitting detonation to explosives in close contact with it. 


Examples of primary explosives include mercury(II) 
fulminate, lead styphnate (i.e., lead trinitro-resor- 
cinate) and lead(II) azide. Primary high explosives 
are commonly used in small-arms primers and the in- 
itiating charge in detonators. 


secondary high explosive — (Also secondary ex- 
plosive) — The class of high explosives that is sensi- 
tive to initiation from a shock wave (typically as pro- 
vided by a small amount of a primary explosive con- 
tained in a detonator). They are comparatively insen- 
sitive to initiation from mechanical stimuli (i.e., by 
impact and friction) and from thermal energy (1.e., by 
heat and flame). Although secondary explosives can 
typically be ignited by flame, typically they do not 
transition to detonation without confinement or some 
form of additional mechanical action. 


Compared to primary high explosives, secondary high 
explosives require a relatively long distance and time 
to build to a stable detonation and will not reliably 
propagate in an extremely small diameter column. 


Examples of secondary high explosives include TNT 
(i.e., trinitro-toluene), PETN (i.e., pentaerythritol- 
tetranitrate) and RDX (i.e., hexahydro-1,3,5-trinitro- 
1,3,5-triazine). Secondary high explosives are com- 
monly used in exploding munitions, in the base charge 
in detonators and in relatively small-scale blasting 
operations. 
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blasting agent — (Also tertiary high explosive or 
tertiary explosive) — The class of high explosives that 
is only marginally sensitive to initiation from a shock 
wave. As such, blasting agents are not sensitive to a 
number 8 detonator and require a substantial charge 
of a secondary high explosive (in the form of a 
booster) for their effective initiation. 


Compared to secondary high explosives, blasting 
agents require even longer distances and times to build 
to a stable detonation and will not reliably propagate 
except in a relatively large diameter column. 


The most common and widely used blasting agent is 
a mixture of ammonium nitrate and fuel oil (ANFO), 
which is nearly universally used in large-scale blast- 
ing operations. 


tertiary high explosive — See blasting agent above. 


HIGH-EXPLOSIVE EQUIVALENCE — (Also explosive 
equivalence) — The ratio of the weight of a standard 
high explosive to the weight of a test explosive under 
consideration that produces an equivalent effect un- 
der specified conditions. For example, if a charge of 
50 g of a standard high explosive produces the same 
result as 100 g of a test explosive, under specific 
conditions, then the test explosive is said to have a 
50% equivalence. When the standard high explosive 
is TNT (.e., trinitro-toluene) the explosive equiva- 
lence will be described as the TNT equivalence. 


Unfortunately, the high-explosive equivalence meas- 
ured for an explosive depends on the method of com- 
parison. That is to say, equivalence determined by 
comparison of blast pressures and Trauzl block test 
results are not likely to be the same. Thus, there can 
be several high-explosive equivalence values for the 
same test explosive; this is why it is necessary to 
specify the test conditions. 


HIGH EXPLOSIVE FUME CLASS — See fume class, 
high explosive. 


HIGH-GRADE GUNCOTTON — See nitrocellulose. 


HIGH-LEVEL AERIAL FIREWORKS -— See fireworks, 
descriptive classification of. 


HIGHLY TOXIC — See toxicology regulatory term. 


HIGH-NITROGEN COMPOUNDS IN PYROTECHNICS 
— Many organic compounds contain (-CH=) groups, 
and it is possible (at least in principle) to replace a (— 
CH=) group with a nitrogen atom (—N=). The elec- 
tronic structures of (-CH=) and (—N=) are very simi- 
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lar, the difference being that the pair of electrons in 
the carbon-hydrogen bond in (-CH=) is replaced by a 
lone pair of electrons on the nitrogen atom (—N=). 
Replacement of (-CH=) by (—N=) has the effect of 
making the molecule less stable; in other words, it re- 
sults in the enthalpy of formation of the molecule be- 
coming more positive. This effect is demonstrated in 
the graph below, where the enthalpies of formation of 
compounds consisting 5 and 6-membered aromatic 
rings, in which adjacent (-CH=) groups are succes- 
sively replaced by (-N=). All of the values for the 5- 
membered ring compounds are experimental values, 
as are those for all the 6-membered ring compounds, 
except those having 4, 5 and 6 nitrogen atoms. These 
compounds are either highly unstable or unknown, 
and the results shown were calculated from quantum 
theory (Cheng, 2002). 


1000 


==@— 6-membered rings, calc. 
==@= 6-membered rings, exp. 
800 ==—@— 5-membered rings, exp. 


600 
400 


200 


Heat of Formation of Gas (kJ/mol) 


0 1 2 ©: 4 5 6 
Number of Nitrogen Atoms per Ring 


The reason for the increase in the enthalpy of for- 
mation with increasing number of (-N=) groups is 
that the enthalpy of formation represents the energy 
required to form the compound from its elements — in 
this case, from solid carbon (as graphite), molecular 
hydrogen gas [H2] and molecular nitrogen gas [No]. 
The energy required to break a nitrogen molecule in- 
to two nitrogen atoms [N] is very large (946 kJ/mol). 
The energy needed to form a mole of nitrogen atoms 
from nitrogen gas is 473 kJ and this is much greater 
than the energy released when those atoms form the 
single and double bonds in a mole of (-N=) groups. 


Replacing (-CH=) groups with (-N=) groups obvi- 
ously removes the possibility of the (-CH=) group 
acting as a fuel by combining with oxygen. This is 
demonstrated in the graph below, of the heat released 
when a mole of the substance burns in oxygen to 
form CO2, No and gaseous H20. 
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Accordingly, if unlimited oxygen were available, ni- 
trogen-free compounds would be the fuels of choice. 
A different picture emerges, when one considers the 
amount of energy that can be generated per mole of 
oxygen gas [Os]. In this case, the higher the nitrogen 
content, the more energy is generated per mole of 
oxygen, as demonstrated in the graph below. 
1200 
—®— 6-membered rings 
1000 —=—®— 5-membered rings 


Heat released in combustion 
(kJ/mol of O,) 
[o>) 
ce: 
= 
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If the hypothetical Ns molecule could ever be pro- 
duced, it would be capable of generating 884 kJ/mol, 
with no oxygen needed. 


The ability to generate a large amount of heat from a 
given quantity of oxygen is clearly relevant in pyro- 
technics, where the oxygen for combustion must be 
provided by the decomposition of a solid oxidizer. 
Another characteristic of relevance to pyrotechnics is 
that simple compounds of this type, in which there is 
a high ratio of nitrogen to carbon, are often explosive. 
This has led to an interest in their application in such 
things as automobile airbag inflators and stun gre- 
nades, in which the rapid release of large amounts of 
gas is required. 
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The generation of large quantities of low-molecular 
weight gases at high temperatures also makes high- 
nitrogen compounds of interest as components of rock- 
et propellants. In this application, explosive decompo- 
sition is a distinct disadvantage and much effort has 
been devoted to making high-nitrogen compounds 
that are sufficiently stable to be processed safely and 
that burn smoothly, without exploding. Such com- 
pounds have been discovered and have the additional 
advantage of forming pyrotechnic mixtures with ap- 
propriate oxidizers (e.g., ammonium perchlorate) that 
burn with the production of almost no smoke. 


Colored-flame compositions: Some of these high ni- 
trogen compounds perform exceptionally well in col- 
ored-flame compositions. This new class of composi- 
tions can produce colored flames of exceptionally 
high color purity (see color measurement) with al- 
most no smoke. A collection of high-nitrogen flame 
formulations is presented below (Chavez, 1998, and 
US patent 5,917,146). 


Ingredient | 


Ingredient | 


Here formulations 1 to 4 are for red, yellow, green 
and blue compositions, respectively. Formulations 5 
to 7 are for the blended colors blue-green, purple and 
red-purple, respectively, and 8 is for white. For use as 
stars, the compositions can be mois- 
tened with water, pressed into shape 
and air dried. 


The primary fuel ingredient in these 
formulations is  3-6-dihydrazino- 
1,2,4,5-tetrazine [CoH6Ns], with a struc- 
ture as illustrated on the right. 
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Some additional formulations (Chavez, 1998, and US 
patent 5,917,146), in which much of the ammonium 
perchlorate was replaced by ammonium nitrate, are 
presented below. 


Formulation —| Parts by Weight 
Ingredient | (9) 


Ammonium perchlorate 

Ammonium nitrate 

Strontium nitrate 

Sodium nitrate 

Barium nitrate 

3-6-dihydrazino- 
1,2,4,5-tetrazine 


Formulation —| Parts by Weight 
Ingredient | (12) 


1,2,4,5-tetrazine 


renee ipo Weer ren emer ha 


Copper!) 


Copper(Il) sulfide 


Formulations 9 through 14 are for red, yellow, green, 
blue, red-purple and white, respectively. Surprisingly, 
the compositions containing strontium nitrate (i.e., for- 
mulations 9 and 13) produce a strobe effect, flashing at 
2 to 3 Hz. For use as stars, the compositions can be 
moistened with alcohol, pressing to shape, air-drying, 
dipping in nitrocellulose lacquer and air drying again. 


Compositions including 3-6-dihydrazino-1,2,4,5-tetra- 
zine and copper compounds have greatly increased 
burn rates; more importantly, they are unstable on 
storage, especially in humid environments. Therefore, 
for copper-containing compositions, either of two oth- 
er high-nitrogen compounds are recommended. The 
first, is 5,5'-bis-1H-tetrazole [CoH2Ng] {CAS 2783- 
98-4|, which has the structure illustrated below. 


The other high nitrogen compound is bis-(1(2)H- 
tetrazol-5-yl)amine monohydrate [C2H2No-H20], 
which has the structure illustrated below. 
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As well as being highly effective fuels in their own 
right, both compounds can act as acids, losing the 
hydrogen atoms that are attached to the ring nitrogens 
to form divalent anions (See ion.). Some of the hy- 
drated barium, strontium and copper salts formed by 
these acids are excellent flame color agents. Exam- 
ples of exceptionally high color purity (see color 
measurement) and very low smoke formulations in- 
cluding such salts are presented below (Chavez, 1999, 
and US patents 6,214,139 B1 and 6,312,537 B1). 


Ammonium perchlorate 

Serr cee aa 
tetrazine 

Regan cece err [aed olen eee 
monohydrate 

Se eee Pe ee 
tetrazolate tetrahydrate 

a eee ee eae 
tetrazolate tetrahydrate 

Ceo ee al ee) wees eee 
tetrazolate dehydrate 


Formulation —/|Parts by Weight 
Ingredient | (18) | (19) | (20) 


Ammonium perchlorate 46.5| 47.5] 47 

3-6-dihydrazino-1,2,4,5- 
tetrazine 

bis-(1(2)H-tetrazol-5-yl)amine 
monohydrate 

Barium 5,5’-bis-1H- 
tetrazolate tetrahydrate 

Copperi(Il) bis-(1(2)H-tetrazol- 
5-yl)amine dihydrate 

Strontium bis-(1(2)H-tetrazol- 
5-yl)amine tetrahydrate 


Boric acid 


Formulations 15 to 17 are for red, green and blue, 
flames, respectively. Formulations 18 and 19 are for 
the blended colors blue-green and purple, respectively, 
and 20 is an example of boric acid being used as a 
green flame color agent. 
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These compositions produce nearly smokeless flames 
of much greater color purity than conventional col- 
ored-flame compositions, despite their containing 
much lower percentages of flame color agents. Further, 
excellent spectral purity is still obtained for even lower 
percentages of flame color agent (as low as 0.5% for 
red, 1% for blue and 2.5% for green). These compo- 
sitions represent a solution to the problem of obtain- 
ing high-quality blue and green pyrotechnic flames. 


Although the use of boric acid for green flames has 
been known since the 1820s, boric acid has long been 
abandoned in favor of barium salts in conventional 
color compositions because of the deeper green pro- 
duced by barium compounds. In the new high- 
nitrogen compositions, boric acid produces a green 
flame nearly as good as the best conventional bari- 
um-based compositions, but with the advantage of 
much lower toxicity. 


A recent study (Klapétke, 2008) reported on four 
strontium nitrimino-tetrazolates as red colorants in 
pyrotechnic compositions. It was found that the most 
promising was strontium bis-(1-methyl-5-nitrimino- 
tetrazolate) monohydrate [Sr(C2H3N6O2)2"H2O0], which 
has the structure illustrated below. 


Very recent work at the US Army’s Picatinny Arsenal 
(Sabatini, 2011) attempted to replace the potassium 
perchlorate in red parachute flares (for environmental 
reasons). Success was found with the use of stronti- 
um __bis-(1-methyl-5-nitriminotetrazolate) monohy- 
drate. A series of formulations and their performance 
characteristics is presented below. 


Formulation 20 is the original US Army M126A1 red 
flare formulation. This is followed by a composition 
in which the only change is that potassium perchlo- 
rate was replaced with strontium bis-(1-methyl-5- 
nitrimino-tetrazolate) monohydrate (formulation 21). 
Next are six compositions in which the ingredients 
were adjusted to increase the burn time (formulations 
22 to 27). The effect of changing the binder is evi- 
dent. It can be seen that formulations, 25, 26 and 27 
not only meet the military specifications for dominant 
wavelength and spectral purity, they also provide 
greater luminous intensity and longer burning time 
than the original M126A1 red signal formulation. 
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Formulation —| Parts by Weight 
Ingredient | __ [ener [ea |ea| 


Formulation — 
Ingredient | (25) | (26) | (27) | (28) 


Characteristics (to 3 significant figures) 


(a) Binder A was 95% Laminac 4116™ /5% Lu- 
persol™. 


(b) Binder B was 80% Epon 813™/20% Versa- 
mid 140™. 


The high-nitrogen compounds discussed so far are 
produced by rather complex synthetic methods, and 
in relatively small quantities. This makes them ex- 
pensive and thus limits their use in fireworks. Recently, 
Dutch researchers were awarded patents (Zevenber- 
gen, 2012) for pyrotechnic color compositions based 
on 5-amino-tetrazole [CH3Ns] 
{CAS 5378-49-4}. This high- 
nitrogen compound is produced 
industrially on a relatively large 
scale and is sufficiently inex- 
pensive to be potentially useful 
in fireworks. It has the structure 
illustrated on the right. 


Encyclopedic Dictionary of Pyrotechnics 


The hydrogen atom attached to the ring nitrogen is 
acidic, and the compound forms salts with various 
metals including strontium and barium. Furthermore, 
the amino group can act as a base, forming salts with 
acids such as hydrochloric acid. Thus, the hydrochlo- 
ric acid salt of barium 5-amino-tetrazolate combines 
the functions of a fuel, a flame color agent and a 
chlorine donor. Examples of firework compositions 
including 5-aminotetrazole derivatives are presented 
below. 


Formulation —|Parts by Weight 
Ingredient | (29) 


30 | 11. 


ide 


Formulations 29 and 30 are for red flames, formulation 
31 is for a green flame. Formulation 29 is moistened 
with acetone, extruded into strands 10 mm in diame- 
ter, dried and cut into pellets for processing into fire- 
works. Formulations 30 and 31 are pressed into pel- 
lets for use in fireworks. 


HIGH ORDER -— (Also high ordered or high order deto- 
nation) — A poorly defined term of art, carelessly ap- 
plied to explosives of all types (sometimes incorrectly 
including low explosives). It means different things 
to different persons with no quantifiable measure of 
its meaning. Usually, it is meant to imply (without 
measurement) that an explosive performed relatively 
completely to produce essentially its maximum output. 
(Contrast with low order.) 


HIGH-ORDER DETONATION — See detonation type. 


HIGH-POWER ROCKET — (Abbreviated HPR) — (Also 
Class 2 amateur rocket) — Typically, a larger version 
ofa model rocket; technically, it is a rocket exceeding 
any upper limit set for a model rocket and conforming 
to the requirements of NFPA-1127, “Code for High 
Power Rocketry”. In essence, this is a rocket with any 
of the following characteristics: 


e A mass exceeding 1.5 kg, including propellant. 
e A single high-power rocket motor that produces more 


than 160 newton-seconds total impulse or an average 
thrust of more than 80 newtons. 
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e Multiple motors that produce more than 320 newton- 
seconds total impulse. 


e The total impulse of a high-power rocket must not 
exceed 40,960 newton-seconds. 


Whereas a model-rocket motor typically uses Black 
Powder as its propellant, a high-power rocket typically 
uses one or more composite rocket motors. 


A rocket that with even greater power than a high- 
power rocket is described as a Class 3 amateur rocket 
or an advanced high-power rocket. In the past, such 
rockets were sometimes referred to as experimental 
rockets or simply as amateur rockets. 


high-power rocket lite — (Abbreviated HPR Lite) 
— (Also mid-power rocket, abbreviated MPR) — A 
loosely defined term that describes either a model 
rocket using an E through G class of rocket motor or a 
high-power rocket using multiple E through G rocket 
motors having a total combined impulse of more than 
320 newton-seconds. 


high-power rocket, complex — A multi-staged 
high-power rocket or one that has clustered rocket 
motors simultaneously ignited at lift-off or by an air- 
start. 


high-power rocket, advanced — See high-power 
rocket, advanced. 


HIGH-POWER ROCKET, ADVANCED — (Also Class 3 


amateur rocket, research rocket or experimental rocket) 
— The class of non-professional rockets beyond high- 
power rockets (HPR). Advanced high-power rockets 
often use structural metal parts and very often the 
motor casing doubles as the airframe (as is common 
with commercial rockets). Advanced high-power 
rockets can be very large and powerful and may be 
capable of placing payloads into space. 


Activities in advanced high-power rocketry can 
scarcely be considered a hobby as it typically in- 
cludes the formulation and manufacture of propellants 
as well as complex airframes. These vehicles can run 
many hundreds or thousands of dollars and take 
months to build. Besides being expensive and time 
consuming, advanced high-power rocketry can be ex- 
tremely dangerous. The minimum equipment neces- 
sary to pursue advanced high-power rocketry safely 
includes remote-mixing equipment, sandbagged bun- 
kers, loading pits and standby fire service, which puts 
them quite beyond the resources of most individuals. 


Not all advanced high-power rockets are especially 
large. Many beginner vehicles would qualify as high- 
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power rockets or possibly even as model rockets based 
on liftoff weight and total impulse but fail to meet the 
National Association of Rocketry (NAR) and/or Trip- 
oli Rocketry Association (TRA) codes due to their 
metal airframes and/or user-compounded propellants. 


Liquid-fueled vehicles are becoming more popular 
among advanced high-power rocketry groups. These 
vehicles can produce up to 1,000 pounds (454 kg) of 
thrust for up to a minute from liquid-oxygen (LOX)/ 
kerosene engines that can propel the vehicle to alti- 
tudes over 40 miles (64 km). 


The NAR does not sanction advanced high-power 
rocket activities. Tripoli permits them under special 
research rules and conditions. Refer to the Tripoli 
website: www.Tripoli.org for information on ad- 
vanced high-power rocketry. (Also see Pacific Rocket 
Society and Reaction Research Society.) 


A medium-size, advanced high-power rocket being 
carried to its launch tower is shown below. 


Photo credit: Mark Coffin 


HIGH-POWER ROCKET, COMPLEX and HIGH- 
POWER ROCKET LITE — See high-power rocket. 


HIGH-POWER ROCKET IGNITER — See electric igniter 
(rocketry). 


HIGH-POWER ROCKET MOTOR -— A rocket motor 
that produces more than 160 newton-seconds total 
impulse or has an average thrust level of more than 
80 newtons. Like model rocket motors, the power of 
high-power rocket motors is designated alphabetically 
as presented farther below. 


In addition, all hybrid and spark-producing motors are 
now considered to be high-power rocket motors no 
matter what their total impulse; unless it exceeds the 
limit for high power motors (40,960.00 N s), in which 
case, it is classed as an advanced, high-power motor. 


Usually, high-power rocket motors are composite 
rocket motors; use of hybrid rocket motors is increas- 
ing because, they often can be reused. 
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Total Impulse (N-s) | Motor Type 


160.00 — 320.00 
320.01 — 640.00 


1,280.01 — 2,560.00 
een 


20,480.01 — 40,960.00 


HIGH-POWER ROCKET PHASE — See rocket flight 
phase, amateur. 


HIGH-POWER ROCKETRY — (Abbreviated HPR) = 
Those activities associated with the construction and 
use of rockets (defined as Class 2 amateur rockets) 
that exceed any limit set for a model rocket and con- 
forming to the requirements of NFPA-1127, “Code 
for High Power Rocketry”. (See high-power rocket). 


HIGH POWER ROCKETRY (magazine) — (Abbreviated 
HPR Magazine) — A publication primarily devoted to 
high-power rocketry. The magazine, originally titled 
the Tripolitan (named after the Tripoli Rocketry As- 
sociation), was renamed High Power Rocketry in the 
fall of 1991 and was published until mid-2005. 


~l 
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Photo Credit: Bruce Kelly 
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HIGH-SPEED DELUGE SYSTEM - See fire suppression 
system, explosive. 


HIGH-TEMPERATURE OXIDIZER — See oxidizer, high- 


temperature. 
HIGH-TEMPERATURE SYNTHESIS, SELF- 
PROPAGATING — Sec selfpropagating, high- 


temperature synthesis. 
HIGH-TENSION FUSE HEAD - See electric match. 
HIGH-TEST PEROXIDE — See hydrogen peroxide. 
HIGHWAY FLARE - See fisee (signal). 


HISTORICAL CHEMICAL NAME — See chemical name, 
synonym and historical. 


HISTORICAL FIREWORK NAME AND DESCRIPTION 
— See firework name and description (historical). 


HISTORICAL FUEL — See fuel. 

HISTORICAL MATCH -— See match, historical. 

HISTORICAL MILITARY BLACK POWDER GRADE — 
See Black Powder grade (historical military grade 


Black Powder). 


HMR - Abbreviation for the Handbook of Model 
Rocketry. 


HMTA — Abbreviation for hexamethylene tetraamine. 
HMX - See cyclotetra-methylene-tetranitramine. 
HNF — Abbreviation for hydrazinium nitroformate. 


HNIW — Abbreviation for 
isowurtzitane. 


hexanitro-hexa-aza- 


HNS -— Abbreviation for hexanitro-stilbene. 
HOAX DEVICE — See dummy. 
HOBBY FUSE -— See visco fuse. 


HOBBY ROCKET - A poorly defined term that has 
meant various things to different people in the past. 
Often, it was a general term used to describe both 
model rockets and high-power rockets, and to differ- 
entiate them from what may have been described as 
research rockets (now described as advanced, high- 
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power rockets). Currently, as defined by regulation in 
the US, these three types of rockets are defined as 
Class 1, 2 and 3 amateur rockets, respectively. 


HOBBY ROCKET FLIGHT PHASE - See rocket flight 
Phase, amateur. 


HOLDER (proximate audience pyrotechnics) — A de- 
vice, other than a mortar, used to hold a proximate 
audience pyrotechnic effect (typically, a preload). A 
holder is used to maintain the safe positioning of the 
device. A simple holder made from common hard- 
ware store parts and used to secure two preloads is 
shown below. In this case, the metal bracket attached 
to the pair of holders has been taped to the concrete 
floor with gaffers’ tape (seen on the left). 


HOLDING AREA (flame effect) — The area where 
flame-effect materials or loaded flame-effect devices 
are held in relatively small quantity for a short time 
prior to use. 


HOLLOW CHARGE - A type of shaped charge, usually 
cylindrical, that has a cavity, typically conical, located 
opposite the point of initiation. 


HOLMES LIGHT -— See marine signal. 


HOLY CROSS SHELL — See aerial shell name and de- 
scription (specific) (cross shell). 


HOMOGENEOUS — A substance or material of uniform 
composition. For example, pure water and pure sodium 
chloride are homogeneous substances, as is sodium 
chloride dissolved and well mixed in water (a solution). 
See heterogeneous. 


homogeneous mixture — A mixture of ingredients 
(typically powdered solids) that are mixed well enough 
to be homogeneous on a macroscopic scale, even 
though the mixture will always remain heterogeneous 
on a microscopic scale. For materials differing in 
color, a homogeneous mixture of these ingredients 
will have a uniform color that is a blend of the indi- 
vidual colors. 


HOMOGENEOUS PROPELLANT — See propellant type. 
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HOMOGENEOUS PYROLANT - See pyrolant. 


HOMOGENEOUS REACTION — A chemical reaction in 
which the reactants are all in the same phase (i.e., 
physical state). For example, the burning of a me- 
thane gas flame in air is a homogeneous reaction be- 
cause both the oxygen in the air and the methane (i.e., 
fuel) are gaseous. 


HOOKE’S LAW — The law states that, within the elastic 
limit of a substance, the amount of deformation (i.e., 
strain) of a material is directly proportional to the 
force (i.e., stress) applied; or more specifically, that 
the ratio of stress to strain is constant. It was formu- 
lated by the English physicist Robert Hooke (1635- 
1703). This principle underlies the action of a spring 
scale, in which the stretch of the spring (x) is propor- 
tional to the force (F’) produced by the spring: 


F=-k-x 


Here, & is the spring constant and the negative sign 
indicates that the resulting spring force is in a direction 
opposite to applied stretch or the compression of the 
spring. (See elasticity.) 


The proportionality between stress and strain is the 
basis for strain gauges commonly being used to 
measure rocket motor thrust. 


HOPKINSON EFFECT -— Spalling produced by an ex- 
plosive blast or high-speed impact, typically on a wall 
or similar barrier, first described in 1912 by English 
engineer Bertram Hopkinson (1874-1918). The series 
of cross-section illustrations below demonstrate this 
effect. 


Compression 
Wave 


High Pressure 


Rarefaction 
Wave 


Concrete Wall 


In the first illustration (left), a high-pressure event has 
occurred on one surface of a concrete wall and pro- 
duced a high strength compression wave moving 
through the wall to the right. In this example, because 
concrete is strong in compression, the wall remains in- 
tact and only minor damage is done to its front surface. 
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In the second illustration, the compression wave 
reached the back (i.e., free) surface of the wall and is 
being reflected to the left as a rarefaction wave. Be- 
cause concrete is relatively weak in tension, in the 
third illustration a chunk of the back surface of the 
wall (i.e., spall) has come loose and is traveling to the 
right. 


While the example was for a concrete wall, the same 
basic process occurs for any type of barrier, such as 
armor plating, with the potential for similar results. 
The Hopkinson effect is used for some types of anti- 
tank weapons, and it is the effect operating in the 
Hopkinson pressure bar test.). 


This is not the Hopkinson effect that is associated with 
magnetics; that effect was discovered in 1898 by Eng- 
lish physicist and electrical engineer John Hopkinson 
(1849-1898), the father of Bertram Hopkinson. 


HOPKINSON PRESSURE BAR TEST — The quantita- 


tive measurement of the pressure developed by a high 
explosive over a small interval of time, which is a 
measure of its explosive violence. The principle on 
which the determination of pressure is based depends 
on the Hopkinson effect. Specifically, that when an 
explosive charge is fired in contact with the end of a 
ballistically suspended, cylindrical steel bar, a wave 
of compression travels along the bar and is reflected 
at the far end as a rarefaction or tension wave. 


To investigate the properties of the compression 
wave, first a short length of bar farthest from the 
charge is cut off. (This short segment is known as the 
timepiece.) The ends of both bars are smoothly sur- 
faced, and the two pieces are joined using only a film 
of petroleum jelly (e.g., Vaseline). While a compres- 
sion wave travels unchanged through the joint going 
into the timepiece, the film is unable to transmit the 
reflected tension wave. Hence, when the amplitude of 
the reflected tension wave reaching the joint becomes 
greater than that of the original compression wave, 
the timepiece is projected with a momentum that de- 
pends on the explosive pressure developed and the 
length of time for the pressure wave to traverse the 
length of the timepiece. 


By using several timepieces of different lengths, it is 
possible to approximate the maximum pressure de- 
veloped and to calculate average pressure values over 
various time intervals. 


To protect the Hopkinson pressure bar instrument, it 
is necessary to interpose a fresh pellet of standardized 
material between the test explosive and the pressure 
bar for each test. 
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HORIZONTAL WHEEL — See wheel, firework. 
HORNET’S NEST — See jumping jack. 
HOT AIR BALLOON (fireworks) — See sky lantern. 


HOT-MELT GLUE — An adhesive made from any of 
several thermoplastic resins, often based on polyeth- 
ylene. It is common for hot-melt glue to be manufac- 
tured into sticks or cylinders of various diameters and 
dispensed from heated glue guns. Its principal disad- 
vantage for use in pyrotechnics is the necessity for its 
application while hot, typically in the range of 300 to 
400 °F (280 to 380 °C). This has occasionally been 
cited as having caused an accidental ignition of pyro- 
technic material. Also, hot-melt glue has poor pene- 
tration properties. Its principal advantages are its high 
viscosity, relatively non-shrinking nature, elasticity 
and rapid setting upon cooling. 


In fireworks: Hot-melt glue is frequently used to ac- 
complish end closure in a tube device such as the 
non-venting end of a gerb. It is sometimes used to 
glue time fuses into aerial shell casings, particularly 
into plastic casings. There is a potential disadvantage 
to using hot-melt glue to secure Bickford-style time 
fuse. The heat from the glue may be sufficient to 
cause some of the waterproofing (i.e., asphalt or simi- 
lar material) to liquefy and potentially migrate into 
the powder core. If this happens to a sufficient extent, 
there may be a small dead spot formed where the 
powder will resist burning. While some shell makers 
have extensive successful experience with using hot- 
melt glue in this way, it remains at least of potential 
concern. In contrast, there is no problem using hot- 
melt glue to secure visco fuse. 


Hot-melt glue is also useful and convenient to use 
when temporarily fastening drivers to wheels and gerbs 
to setpieces. Because of its relatively low strength 
(especially at elevated temperature), it is essential that 
supplemental attachment methods then be used, (e.g., 
the attached items must be tightly tied in place with 
cord, filament tape or wire). Hot-melt glue can also 
be used to hold lance tubes in place on setpieces. 


Recently, lower-temperature versions of hot-melt glue 
have become available. They are often referred to as 
warm-melt or cool-melt glue, and they are dispensed 
with glue guns operating a lower temperature. 


HOT SPOT (explosives) — A relatively small, localized 
region in an explosive that is characterized by a tem- 
perature much higher than that of the bulk explosive. 
Hot spots are typically produced as gas-filled voids in 
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an explosive physically collapse in response to the 
passage of an intense shock wave. The rapid com- 
pression of the gas in the voids greatly raises the 
temperature of that gas. Such hot spots play an im- 
portant role in the initiation of some explosives, es- 
pecially high explosives, which may be intentionally 
sensitized by the inclusion of hollow micro-spheres 
or microballoons. 


A somewhat similar void-collapse theory has been 
suggested as one potential mechanism explaining the 
aerial shell malfunction described as a VIME or shell 
detonation. 


In pyrotechnic strobe reactions, localized chemically 
produced regions of high temperature (i.e., hot spots) 
can sometimes be seen to develop during the later 
stage of the dark (or smolder) reaction and thus trig- 
ger the next flash reaction. 


HOT-WIRE FUSE IGNITER and HOT-WIRE FUSE 
LIGHTER — See fuse igniter, blasting safety, (hot-wire 
fuse igniter). 


HOT-WIRE IGNITER — See electric hot-wire igniter. 


HOT WOK ~— A type of colored-flame projection system, 
specifically an eight-colored flame apparatus devel- 
oped in Australia and used to provide dramatic en- 
hancement to musical (and potentially other) stage 
performances. A hot wok operating in its Rainbow 
Blast mode, simultaneously displaying all eight colors, 
is shown below. 


Photo credit: John Sanderson 


The hot wok is an eight-channel instrument, with each 
channel corresponding to one of the colors produced. 
It can be operated under computer or manual control 
to provide an approximately 3 foot (1 m) long flame 
jet in any one or any combination of the eight colors. 


With the exception of blue flame color, these colors 
are produced by burning an atomized spray of indi- 
vidual methanol solutions; each solution contains one 
of the flame color agents presented below. 


Page 659 


a) Lithium chloride [LiCl ] {CAS 7447-41-8}. 
b) Calcium chloride [CaCl2] {CAS 10043-52-4}. 
c) Sodium chloride [NaCl] {CAS 7647-14-5}. 


Each channel of the instrument is configured as illus- 
trated below. 


Pilot 
Flame 
V4 


Isolation Valve 


Control 


Methanol Valve ~, 


Solution 


The channel begins with a tank of a methanol solution, 
pressurized to approximately 90 psi (600 kPa). The 
high-pressure feed line from the tank is fitted with an 
isolation valve for safety. Next, a solenoid valve is ei- 
ther operated manually (with a small keyboard) or by 
computer. From this point, the fuel is plumbed to an 
atomizing spray nozzle in the head of the instrument 
that has been fabricated from a large cooking wok 
(hence the name hot wok). The spray of methanol so- 
lution is ignited by a small proven pilot flame located 
adjacent to the spray nozzle (seen as a tiny blue flame 
near the base of each jet of colored flame in the pho- 
tograph above). The fuel for the pilot flame is LPG 
(i.e., propane) and, as a safety measure, the functioning 
of the flame is monitored such that the isolation valve 
can only be open when the pilot flame is functioning 
properly. 


Unlike ghost mines, the hot wok is not pyrotechnically 
driven. Since it is very highly controlled, it has proven 
to be suitable for proximate audience performances. 
A hot wok that has been positioned above and slightly 
in front of the stage in preparation for use during an 
evening musical performance is shown below in day- 
light. 
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Photo credit: Robin Cooke 


HOT-WIRE LIGHTER — See lighter, hot-wire. 


HOT WORK — Operations including cutting, welding, 
thermite welding, brazing, soldering, grinding, thermal 
spraying, pipe thawing, torch-applied roofing or any 
other similar situation in which substantial heat is ap- 
plied to achieve an end result and/or where incendive 
sparks are produced. 


HOWARD’S MERCURY — See mercury(II) fulminate. 


HOWLING (fireworks) — See aerial shell name and de- 
scription (specific). 


HPR — Abbreviation for high-power rocketry. 
HPR LITE — Abbreviation for high-power rocket lite. 


HPR MAGAZINE — Abbreviation for High Power 
Rocketry (magazine). 


HSE — Abbreviation for the Health and Safety Executive 
(UK). 


HSL — Abbreviation for the Health and Safety Labora- 
tory (UK). 


HSEJJES — See Maltese firework term. 


HTP — Abbreviation for high-test peroxide. See hy- 
drogen peroxide. 


HTPB — Abbreviation for hydroxyl-terminated poly- 
butadiene. 


HTPE - Abbreviation for hydroxyl-terminated poly- 
ether. 


HUE — Refers to color, which for colored flame is best 


quantified as the dominant wavelength of the light 
produced. (See color measurement (dominant wave- 
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length).) Hue is the attribute ofhuman color perception 
denoted by the color names such as red, yellow, green, 
blue and white. 


HUGONIOT CURVE — When a high explosive detonates 
to form final combustion products, the conservation 
laws of mass, momentum and energy can be applied 
to determine the final reaction conditions. The Hu- 
goniot curve (named for French physicist and mathe- 
matician Pierre-Henri Hugoniot (1851-1887) presents 
the relationship between the final reaction pressure and 
1/density for the products as determined by the set of 
conservation laws. 


HUMANE KILLER — (Also stun gun) — A mechanical 
device for stunning animals so that they may be 
slaughtered with the infliction of little (ideally no) pain. 
Such devices include some (free-bullet humane killers) 
that are specialized firearms, and others (captive-bolt 
humane killers or captive-bolt pistols) that are classi- 
fiable as propellant-actuated devices. Similar types 
of humane killer are operated by compressed air or 
by the explosion of a mixture of air and a fuel gas, in- 
itiated by an electric spark. The fuel gas is provided 
in disposable canisters in which the gas mixture is 
liquefied under pressure. In use, the device is held 
tightly against the animal’s head and fired. The most 
effective spot to hold the device varies from one type 
of animal to another and is specified by the manufac- 
turer of the humane killer. The use of these devices 
not only reduces animal suffering but also protects 
those engaged in animal slaughter from the hazards 
associated with injured or terrified animals. 


History: An early example of a free-bullet humane 
killer was Greener’s Humane Horse (or Cattle) Killer, 
introduced by British gunsmith William Wellington 
Greener (1834-1921) in 1865. This device fired a low- 
powered .310 caliber bullet, the cartridge being pur- 
pose-made for the device. 


A humane killer of the captive-bolt type was intro- 
duced by German slaughter-house director Hugo Heiss 
in 1903. The device fired a blank cartridge that pro- 
pelled a killing-rod or bolt forward so that it penetrat- 
ed the animal’s skull, stunning the victim or killing it 
outright. A photo of the device is shown below. 


(commons.wikimedia.org/w/index.php?curid=2944496). 


More recent captive-bolt humane killers do not pene- 
trate the skull, but instead deal a heavy blow that in- 
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HUMDINGER SALUTE — (Also 


stantly renders the animal unconscious. The reason 
for the introduction of these non-penetrative humane 
killers is to reduce exposure of operators to patho- 
gens that might be present in the blood and tissues of 
slaughtered animals. 


black cone) — A powerful ex- 
ploding firework appearing 
much like a common cone 
fountain, as shown below at the 
right. 


The device was made from a 
cardboard thread cone such as 
was commonly used at the time 7 
for making fountains. Instead of [4% 
containing a charge of a relative- 
ly slow-burning spark composi- 
tion, it contained a powerful 
flash salute in its upper end, as 
illustrated below in cross sec- 
tion. 


Fuse 


Paper Wrapper 


Flash 
Salute 


Thread 
Cone 


This device had the potential for being a safer way to 
discharge the powerful ground salutes allowed at the 
time in the US for consumer use. The reason being 
that the salute was held at least 6 inches (150 mm) 
above the ground, in contrast to being directly on the 
ground. This greatly reduced the chance of a stone or 
other object on the ground being dangerously mobi- 
lized as a result of the explosion. The device also car- 
ried the instruction FOR ADULT USE ONLY and the 
warning EXTRA HEAVY REPORT AND FLASH. 
Nonetheless, it was all too common for users to light 
the item in the mistaken belief that it was a common 
cone fountain and then be injured as a result. These 
items, and all other powerfully exploding consumer 
fireworks, were banned in the US by passage of the 
Child Protection Act of 1966. 


HUMIDISTAT — (Also hygrostat) — An instrument used 


to detect and potentially control humidity (analogous 
to the thermostat, but for humidity instead of temper- 
ature). 
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HUMIDITY — The amount of water vapor in the air. 
This may be reported as absolute humidity but more 
commonly as relative humidity. 


absolute humidity — The amount of water vapor 
physically present in a unit quantity of gas. It is ex- 
pressed as the mass of water vapor per unit volume of 


gas (e.g., g/m’). 


relative humidity — (Abbreviated RH) — The ratio of 
the water vapor pressure of the air to the saturation va- 
por pressure at that temperature. Relative humidity is 
usually expressed as the percentage of the maximum 
water vapor holding capacity for a given temperature 
and pressure (e.g., 100% RH at 1 atm and 20 °C). For 
a given temperature and pressure, 100% RH implies 
that the air is saturated with water vapor and at its dew 
point. Perfectly dry air has 0% RH independent of the 
temperature or pressure. At relative humidities above 
0%, RH is a function of temperature. As the tempera- 
ture increases, the saturation vapor pressure for water 
also increases. Thus, for a constant amount of water 
vapor in the air, the relative humidity decreases. 


Relative humidity is an important consideration be- 
cause it (along with the hygroscopicity of the ingredi- 
ents) determines whether water is lost or gained by a 
pyrotechnic composition under the atmospheric con- 
ditions at the place of manufacture, as well as during 
storage, transport and use. 


critical humidity — (Also critical relative humidity) — 
The ambient relative humidity above which a material 
will absorb moisture from the air and below which a 
saturated solution of the material will release mois- 
ture into the air. Accordingly, at an ambient relative 
humidity that is greater than a material’s critical hu- 
midity, the material will be deliquescent (i.e., it will 
liquefy with time). 


Highly water-soluble substances tend to be hygro- 
scopic and have low critical humidities. Critical hu- 
midity is also a function of ambient temperature, with 
critical humidity increasing with decreasing tempera- 
ture. Knowledge of the hygroscopicity of the ingredi- 
ents in a pyrotechnic composition is an important 
consideration in determining the tendency for the 
composition to be adversely affected by moisture. 
Critical humidities for a few common or potential in- 
gredients in pyrotechnic compositions are presented 
farther below (PATR 2700). 


The characteristic of a saturated solution of certain 
materials to absorb and release moisture can be used 
to assemble a constant humidity chamber. 
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Poe | Critical Humidity | 


Substance (°C) (% RH) 


HUMIDITY CHAMBER, CONSTANT — A chamber or 


vessel that is held at a constant humidity, usually for 
test purposes. Evaluating the performance of pyro- 
technic compositions and items after they have been 
stored for prolonged periods under various conditions 
of humidity can be useful in determining their likely 
ability to withstand various environmental conditions 
in their storage and use. 


A simple constant humidity chamber, in which hu- 
midity is maintained (i.e., controlled) can be con- 
structed using a saturated solution (aqueous) of various 
chemicals in which some yet-undissolved solute re- 
mains. Whenever the air in this type of constant hu- 
midity chamber is at less than the solute chemical’s 
critical humidity, some of the water in the aqueous 
solution will evaporate to raise the relative humidity of 
the air in the chamber. In the event that the air in the 
constant humidity chamber reaches a relative humidi- 
ty greater than the chemical’s critical humidity, some 
of the moisture in the air will condense into the solu- 
tion to lower the humidity of the air in the chamber. 


Critical humidity values (CRC, 2008) for some mate- 
rials useful in making simple constant humidity 
chambers that provide a wide range of relative hu- 
midities are presented farther below. Also, included 
are the temperature ranges for which the listed rela- 
tive humidities remain nearly constant. 


Another type of constant humidity chamber is con- 
trolled by the dew point of a pool of water in (or con- 
nected to) the chamber. The humidity maintained 
above the pool of water is a function of the water 
temperature. 
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Relative | Temp. 
Humidity | Range 
Compound (%) (°C) 


a) Sodium iodide [Nal] {CAS 7681-82-5}. 
b) Calcium chloride [CaCl] {CAS 10043-52- 
4}. 


c) Calcium bromide [CaBrz2] {CAS 7789-41-5}. 
d) Potassium hydroxide [KOH] {CAS 1310- 
58-3}. 

Sodium hydroxide [NaOH] {CAS 1310-73-2 
}. 


e 


~~ 


HUMIDITY CONTROL — See humidistat. 
HUMIDITY MEASUREMENT - See /ygrometer. 


HUMMER - (Also bee, bee firework or hummingbird) 
— A firework device consisting of a short, thick- 
walled tube that spins rapidly on its axis to produce a 
humming or buzzing sound as it is also propelled 
forward. Often the device produces a trail of sparks. 
Hummers are used as inserts in aerial shells, mines, 
rocket headings and as projectiles fired from Roman 
candles. A hummer is made by loading a force and 
spark composition into a case that has its ends 
blocked, usually with compressed clay. An exhaust 
hole is often made at a complex angle through the 
side of the hummer casing and into the central pow- 
der charge (illustrated farther below). 


The tangency of this hole causes the exiting combus- 
tion gas to spin the device rapidly on its axis. This ex- 
haust hole is also angled toward the end of the de- 
vice, which produces a net forward thrust to propel the 
device forward as it spins. A hummer constructed in 
this manner constitutes somewhat of a spin-stabilized 
rocket. 


Since this exhaust hole only passes through the paper, 
it tends to erode and become larger; by that time the 
device is already spinning rapidly and moving for- 
ward. In some instances, especially in a larger device, 
the erosion of the exhaust hole is controlled by passing 
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——<—__ Direction of Spin 


Paper Tube (Wall 
Thickness Exaggerated) 


Clay Plug 


Exhaust Hole 
(End View) 


— Direction of Motion 


Clay Plug 
Pyrotechnic Composition 


Exhaust Hole 
(Side View) 


the hole through part of the clay plug. This substan- 
tially reduces the expansion of the exhaust hole and 
provides greater sustained propulsive forces. 


Examples of typical hummer tubes are shown below. 


Examples of some typical hummer devices, such as 
might be fired from a Roman candle or dispersed 
from an aerial shell, are shown below. Fire is carried 
to the powder charge by the short length of exposed 
black match. 


Hummers typically range in outer diameter from 4 to 
1 inch (13 to 25 mm). An especially large hummer, 2 to 
3 inches (50 to 75 mm) in diameter, is designed to be 
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fired singly from a mortar and has been described as 
a Mad Lion. 


Most hummer compositions are derivatives of Black 
Powder, with an added spark-producing material, such 
as coarse charcoal or titanium granules. In the past, 
some Roman candles projected hummers that were 
made with a composition containing aluminum, po- 
tassium perchlorate and phenol-formaldehyde resin 
that could be cast into the tubes. These devices were 
most effective and produced a visible trail of white 
sparks as they spun through the sky. 


When the tangential exhaust hole is also angled to- 
ward one end of the item, as described above, the 
hummer may be used as a separate device. When ig- 
nited on the ground, these items fly into the air, but 
with less than completely predictable trajectories. 
One version of the Colorful Bird (a consumer fire- 
work) is a true hummer, having only one vent hole 
producing both propulsion and spin. Another version 
of the Colorful Bird is only a somewhat hummer-like 
device. Strictly speaking, a hummer is a device with 
only a single hole in the side of the tube. In the case 
of this latter Colorful Bird, there is an additional 
thrust-producing hole in the powder core at the end of 
the tube (through the clay plug). Such a device is 
more properly described as a spin-stabilized rocket. 


HUMMINGBIRD — See hummer. 


HUMMINGBIRD SHELL — See aerial shell name and 
description (specific). 


HVAC -— Abbreviation for heating, ventilation and air 
conditioning. 


HYBRID FLAME EFFECT - See flame effect. 


HYBRID ROCKET MOTOR - See rocket motor, hybrid 
and rocket motor, gas-hybrid. 


HYDRATION — The process in which chemicals com- 
bine with water to form fairly stable compounds. When 
the process has gone to completion, the proportion of 
the original chemical and water is fixed. In hydrated 
barium chlorate for example, the ratio of barium 
chlorate [Ba(ClO3)2] to water is one to one, and the 
water is part of its crystal structure. In a chemical 
formula, this bonding with water is indicated with a 
dot between the chemical formula and that for water: 


Ba(ClO3)2 - H20 


The water is referred to as water of hydration. 
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When hydrated chemicals (chemicals with one or more 
waters of hydration) are present in a pyrotechnic 
composition, the composition produces less energy 
upon burning than the same composition with anhy- 
drous ingredients. The reason is that some of the en- 
ergy being produced by the composition is consumed 
in the process of eliminating the water of hydration 
(by exsiccation). 


HYDRAULIC PRESS - See press. 


HYDRAULICS — The study of mechanisms or devices 


activated by liquids when the fluids are forced 
through conduits and openings in a pressurized state. 


HYDRAZINE — [H4N2] — {CAS 302-01-2} — (Also dia- 


mine or hydrazine anhydrous) 


Hydrazine is a high-energy fuel used in some high- 
performance rockets. It is a colorless, fuming, hygro- 
scopic liquid with an ammonia-like odor. 


Structural formula: 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.01 part per million; 
absorbs through the skin; listed carcinogen by NTP, 
NIOSH, EPA-B2 and IARC-2B: possibly carcinogenic 
to humans. 


UN hazard classification: PSN: hydrazine, anhydrous; 
HC: 8 — corrosive (UN2029). 


HYDRAZINIUM NITROFORMATE — [N2Hs-C(NOz)s] — 


{CAS 20773-28-8} — (Abbreviated HNF) 


Hydrazinium nitroformate is an energetic oxidizer of 
interest for rocket propellants because it generates 
halogen-free reaction products. It is the salt of the 
hydrazinium cation [N2Hs"] and the nitroformate ani- 
on [C(NOz2)3 ]. Itis yellow as crystals and as a powder. 
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Characteristic (a) 


a) All data is from Louwers, 1997. 


Health information: TLV: none established; not studied 
for toxicity. 


HYDROCARBONS — Chemical compounds composed 
of only hydrogen and carbon. Examples of hydrocar- 
bons are propane [C3Hs] as commonly used in flame 
effects and waxes (i.e., long-chain hydrocarbons) 
used as phlegmatizing agents in pyrotechnic compo- 
sitions. Almost exclusively, hydrocarbons are derived 
from petroleum and its refining. 


HYDROCODE — Hydrodynamic computer modeling 
code used to calculate the motion of material and the 
products of a detonation. 


HYDROCUT™ ~— The trade name for a shaped charge 
used for breaching walls. It consists of a hollow plastic 
frame (approximately 0.5 x 1 m) with a molded V- 
groove. The grove is lined with detasheet. The frame 
is filled with water and hung or placed against a wall. 
The linear shaped charge is designed to cut a rectan- 
gular shape in the wall with the solid center falling 
away. 


HYDROFLUORO-CARBONS — (Abbreviated HFC) — 
Chemical compounds composed of only hydrogen, 
fluorine and carbon. An example is Viton™ 
[(CsH2F),] used in military infrared (i.e.,decoy) flares. 


These compounds are commonly produced by replac- 
ing some hydrogen atoms in a hydrocarbon with fluo- 
rine atoms. 


HYDROGEN — [H2] — {CAS 1333-74-0} 


In liquid form, hydrogen is an especially effective 
rocket fuel. It is a non-metallic, chemical element, 
atomic number |. Hydrogen is a colorless, flammable 
gas at normal temperatures. 
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Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV: classed as a simple asphyxi- 
ant as an inert gas with respect to health. 


UN hazard classification: PSN: hydrogen com- 
pressed; HC: 2.1 — flammable gas (UN1049). 


HYDROGEN CARBONATE ION — [HCO ] — (Also bi- 


carbonate ion) — A polyatomic anion, the intermediate 
form in the deprotonation of carbonic acid [H2COs3]. 
It consists of one central carbon atom surrounded by 
three oxygen atoms in a trigonal planar arrangement 
with a hydrogen atom attached to one of the oxygen 
atoms. The hydrogen carbonate ion carries a charge 
of negative one as shown at the right: 


The hydrogen carbonate ion has a molecular weight 
of 61.01 grams per mole and is the conjugate base of 
carbonic acid: 


H2CO3 + HO <> HCO; + H307 


The hydrogen carbonate ion is also the conjugate acid 
of the carbonate ion [CO37 ]: 


HCO; + OH + HO €9 CO;* + 2H30* 


Carbonic acid is present in low concentrations when 
carbon dioxide [CO2] dissolves in water: 


CO. +H.0 <> H.CO3 


The hydrogen carbonate ion in conjunction with wa- 
ter forms hydronium ions [H30"] and carbon dioxide 
[COz2]. This creates a buffering system to provide re- 
sistance to drastic pH changes in both the acidic and 
basic directions. 


A hydrogen carbonate salt forms when a positively 
charged ion attaches to the negatively charged oxy- 
gen atoms of the ion to form an ionic compound, but 
not all cations can form such salts. All hydrogen car- 
bonate salts (e.g., sodium hydrogen carbonate, calci- 
um hydrogen carbonate and magnesium hydrogen 
carbonate) are soluble in water. 


The most common hydrogen carbonate salt is sodium 
hydrogen carbonate [NaHCOs] (i.e., baking soda). 
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When heated, sodium hydrogen carbonate decomposes 
to produce sodium carbonate [Na2COs3], carbon dioxide 
and water vapor: 


2 NaHCO; > NaxCO3 + CO. + HO 


Sodium hydrogen carbonate is frequently used in py- 
rotechnics as a component of colored-smoke compo- 
sitions. Its decomposition absorbs heat, thus main- 
taining a low reaction temperature of the burning 
smoke composition, which helps to keep the smoke 
dye from being destroyed with excess heat. The car- 
bon dioxide and steam released from the decompos- 
ing hydrogen carbonate also help to protect the volat- 
ilized smoke dye from burning in air and from ag- 
glomerating as it condenses. This same heat absorb- 
ing ability of sodium hydrogen carbonate makes it 
useful as a glitter delay agent. 


HYDROGEN CHLORIDE — [HCl] — {CAS 7647-01-0} 
— (Also hydrochloric acid in an aqueous solution) 


Hydrogen chloride is one of the decomposition prod- 
ucts of chlorinated hydrocarbons, such as several of the 
chlorine donors. It is involved in the production of most 
of the preferred color emitters in pyrotechnic flames 
(see colored-flame chemistry). Hydrogen chloride is 
also a product of the combustion of pyrotechnic com- 
positions containing ammonium perchlorate. Hydro- 
gen chloride is a gas with a sharp, intensely irritating 
odor. It dissolves in water to form hydrochloric acid. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health Information: TLV-Ceiling: 2 parts per million. 
HYDROGEN ION CONCENTRATION - See pH. 


HYDROGEN PEROXIDE — [H20.] — {CAS 7722-84-1} 
— (Also high-test peroxide or HTP) 


Highly concentrated hydrogen peroxide can be used 
as a monopropellant in rockets and gas turbine en- 
gines. Highly concentrated hydrogen peroxide is also 
hypergolic with hydrazine and can be used as an ox1- 
dizer with kerosene. It has poor storage stability and 
can react vigorously with many common materials. 
Hydrogen peroxide is a clear, colorless liquid. 
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Characteristic 


a) Code for reference source, see preface. 


Health Information: TLV-TWA: 1 part per million; 
IARC-3: unclassifiable as to carcinogenicity. On con- 
tact with skin, concentrated solutions rapidly cause 
painful burns. 


UN hazard classification: PSN: hydrogen peroxide, 
aqueous solution; HC: 2.1 (8) — oxidizer (UN2014). 


As a monopropellant: Concentrated hydrogen perox- 
ide produces high temperature steam and gaseous ox- 
ygen when it decomposes in the reaction chamber: 


2 H20201) > 2 H2O(g) + On(g) 


This has an enthalpy of reaction of —109 kJ. This de- 
composition is brought about through use of one of 
several catalysts. Examples of such catalysts are ce- 
ramics composed of iridium (or platinum) and the 
gamma from of aluminum oxide [Ir/y-Al2O3 and Pt/y- 
Al,O3]. 


HYDROLYSIS — The process by which a chemical will 


hydrolyze under aqueous conditions. 


HYDROLYZE — To react as an ion with water to produce 


an acidic or basic solution. This is the Arrhenius term 
for such Br6énsted-Lowry acid-base reactions. Most 
anions hydrolyze to form basic solutions (i.e., gener- 
ating a surplus of hydroxide ions [OH ]). For example, 
carbonate ions [CO;*] hydrolyze to form hydrogen 
carbonate ions [HCO3 | and hydroxide ions: 


CO; + HO > HCO; + OH 


With six exceptions (CI ,Br ,I,NO3 ,SO.” and ClOs ), 
all common anions hydrolyze to some extent and form 
basic solutions. 


As another example, some cations, such as copper(II) 
[Cu*'], hydrolyze to form copper(II) hydroxide 
[Cu(OH)2] and acidic solutions (i.e., generating a 
surplus of hydronium ions [H30"}): 


Cu** + 2H,O > Cu(OH)* + H30* 


Of the cations commonly used in pyrotechnics, am- 
monium [NH,'] and copper(II) [Cu**] are the only 
ones that hydrolyze to form acidic solutions. 
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In_ pyrotechnics: Some chemicals used in pyrotech- 
nics are sensitive to acidic or basic solutions; there- 
fore, formulators must be careful that ingredients 
mixed with such sensitive chemicals do not hydrolyze. 
Basic solutions attack aluminum metal particles, po- 
tentially destroying them or even causing a spontane- 
ous ignition. Thus, lithium carbonate (such as might 
be used for a glitter delay agent) must never be used 
with aluminum in a pyrotechnic composition that will 
be moistened with water or exposed to humid the air. 
Similarly, chlorates can ignite under acidic condi- 
tions. Thus, soluble copper(II) compounds must never 
be combined with chlorates (such as to produce blue 
flame compositions). 


HYDRONIUM ION — [H30°] — The combination of a 
hydrogen ion and a water molecule, with a charge of 
positive one. A hydrogen atom consists of a single 
proton with a single orbital electron. A hydrogen ion 
[H’] is a hydrogen atom that has lost its only elec- 
tron; thus, it consists of a naked proton. Isolated pro- 
tons (i.e., hydrogen ions) can exist in a plasma and for 
a short time in low-pressure gases; they cannot exist 
in solids or liquids. In a solid or liquid, a hydrogen 
ion (i.e., proton) will instantly become bound to some 
other chemical species, such as a water molecule: 


H’ + HO > H30° 


In the past, one definition (that of Arrhenius) for an 
acid was that it produced hydrogen ions in an aqueous 
solution. This was a convenient definition, but it was 
a fiction because hydrogen ions (i.e., naked protons) 
cannot exist as isolated independent entities in a solu- 
tion. That definition has been improved to state that 
acids produce hydronium ions [H30"], which is the 
combination of a hydrogen ion anda water molecule in 
an aqueous solution. In reality, a hydrogen ion is also 
able to cluster with more than one water molecule, 
making the hydronium ion only one of the possible 
protonated water ions in solution. 


The concentration of hydronium ions is a measure of 
the acidity (i.e., the pH) of a solution. 


HYDROPHILIC — Something that has an affinity for 
water or that undergoes swelling or dissolving in water; 
roughly the opposite of hydrophobic. This does not 
imply that all hydrophilic materials are soluble (e.g., 
many starches and cellulose materials are hydrophilic, 
but they are not soluble in water). 


HYDROPHOBIC — Something that (in a metaphorical 
sense) has an extreme dislike of water, roughly the 
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opposite of hydrophilic. All hydrophobic materials are 
insoluble in water. 


HYDROX BLASTING SYSTEM — A 
system developed in the 1930s by 
British chemist James Taylor at the 
Nobel Division of Imperial Chem- 
ical Industries for safe blasting in 
mines that were subject to the 
presence of flammable gas or dust. 
The system (British Patent 
431,935) was based on the use of a 
stoichiometric mixture of ammoni- 
um chloride and sodium nitrite, 
stabilized with a small percentage 
of magnesium oxide. When ignited, 
this mixture burned at a relatively 
low temperature, without a flame, 
generating a mixture of nitrogen 
and steam. In use, the mixture was 
poured into a strong, gas-tight steel 
tube, as illustrated to the right. The 
strong steel tube 1 is closed at the 
top by a firing head 2 that is sealed 
by a gas-tight washer 9. The firing 
head has a pair of electrodes 7 and 
8. Terminals 10 and 11 are provid- 
ed for the connection of an electri- 
cal firing cable (not shown) which 
passes through a hole 14 in a pro- 
tective steel cap 3. The igniter 12 
is inserted into the tube, and then 
the blasting charge 13 is poured in. 
The end of the tube opposite the 
firing head is provided with a shoul- 
der to receive a pressure-sealing 
washer 6 and a bursting disc 5. The 
discharge head 4 screws into the 
threaded bottom end of tube. The 
discharge head is provided with a 
plurality of openings for the explo- 
sive discharge of gas following the 
rupture of the bursting disc. The 
igniter 12 may be an electrical ig- 
niter containing a small quantity of Black Powder, but 
preferably it is a gasless hot tube igniter, such as dis- 
closed in British Patent 430,750 of 1935 by British 
chemist Elwyn Jones and assigned to Imperial Chem- 
ical Industries. 


Illustration credit: 
British Patent 
431,935 


Upon ignition, the combustion of the charge generates 
steam and nitrogen under pressures approaching 12 
tons per square inch (26,880 psi; 185,331 kPa). At 
this pressure, the bursting disc would rupture, releas- 
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HYDROXYL-TERMINATED 


ing the gasses through the discharge head with suffi- 
cient force to break up the surrounding rock. After 
use, the tube could be fitted with a new bursting disc 
and re-loaded with powder and an electric igniter 
ready for the next shot. 


A recommended composition is presented below. 


The overall chemical reaction involved is presented 
below. 


NaNO» + NHuCl > NaCl + No + 2 H20cg) 


This reaction involves the intermediate formation of 
ammonium nitrite, which decomposes exothermically 
to nitrogen and steam. 


HYDROXIDE ION — [OH | — The diatomic anion con- 
sisting of an oxygen and hydrogen atom with a charge 
of negative one. It is the conjugate base of water: 


2H.0 <> OH + H30° 


Inorganic compounds that contain the hydroxide ani- 
on combined with a cation are referred to as hydrox- 
ides. Alkali metal hydroxides (e.g., sodium hydroxide 
[NaOH] and potassium hydroxide [KOH]) are strong 
bases that dissolve in water to form a highly alkaline 
(i.e., basic) solution. 


Some alkaline-earth metal hydroxides (e.g., calcium 
hydroxide [Ca(OH)2] and magnesium hydroxide 
[Mg(OH)2]) are less strong bases, with magnesium 
hydroxide (milk of magnesia) being only slightly 
basic. This is due to their low solubility. In contrast, 
barium hydroxide [Ba(OH)2] is readily soluble and is 
a strong base. Some hydroxides (such as aluminum 
hydroxide [Al(OH)3]) are amphoteric (i.e., capable of 
acting as either an acid or base). 


Hydroxides and hydroxide ions are relatively com- 
mon. For example, household lye is sodium hydroxide, 
and the aluminum ore bauxite is mostly composed of 
aluminum hydroxides. 


The hydroxide ion can also act as a ligand, forming 
complex ions such as the aluminate ion [Al(OH)a ]. 


POLYBUTADIENE — 
[(C4H4)n(OH)2] — {CAS 69102-90-5} — (Abbreviated 
HTPB) — (Also hydroxy-terminated polybutadiene) 


Hydroxyl-terminated polybutadiene is a polymeric 
material used for the fuel and binder in some compo- 
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site rocket propellants, see propellant type. It has also 
recently been used to produce colored-flame compo- 
sitions of exceptionally high color purity, described 
as colored composite star compositions, see star (star 
formulations). Hydroxyl-terminated polybutadiene is 
a viscous (i.e., thick), colorless to light yellow liquid. 


Structural 
formula: 


ja 
HO —|-C=C—C=C-|- OH 
| 


H Hp 


Health information: TLV: none established. 


UN hazard classification: not regulated. 


HYDYNE — An early liquid rocket fuel, composed of a 
mixture of 60% (by weight) unsymmetrical dime- 
thylhydrazine (1,1-dimethylhydrazine [H2NN(CHs3)2] 
{CAS 57-14-7}) and 40% diethylenetriamine (1,5- 
diamino-3-azapentane, [HN(CH2CH2NH2)2] {CAS 
111-40-0}). 


The oxidizer used was liquid oxygen. Hydyne was the 
fuel used in the launch of Explorer 1, the first suc- 
cessful satellite launch by the US. 


HYGROMETER — An instrument for measuring humidity 
(i.e., the amount of water vapor in the air). Most com- 
monly, the measurement of interest is the relative 
humidity, which indicates the ratio of the concentration 
of water vapor in the air to the maximum concentra- 
tion possible at the prevailing temperature. The higher 
the temperature, the greater is the maximum concen- 
tration of water vapor. Measurement of the humidity 
is important in pyrotechnics because high relative 
humidity will slow the rate of drying of moistened py- 
rotechnic compositions and materials. Thus, in drying 
rooms (or buildings), often it is necessary to control 
the humidity through dehumidification, heating, air 
exchange or a combination of these. To do this most 
efficiently, it is necessary to monitor the humidity. 


Knowledge of the humidity in the storage location for 
pyrotechnic materials can also be important, especially 
for those pyrotechnic materials that contain chemicals 
with a significant degree of hygroscopicity or that are 
water reactive. If the humidity is high, a fall in tem- 
perature will lead to condensation of liquid water, 
with detrimental effect on the stored material. 


High humidity can be desirable in manufacturing 
rooms as it reduces the likelihood of electrostatic dis- 
charges, and it prevents material that has been delib- 
erately moistened from drying too quickly. On the 
other hand, packing finished goods under conditions 
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of high humidity is undesirable because of the possi- 
bility of condensation inside the packages when they 
are exposed to low temperatures. 


For all these reasons, measurement and control of 
humidity is important and requires the use of some 
type of hygrometer. 


Some hygrometers operate by monitoring a property 
of some material that changes with humidity. This 
change can be monitored mechanically, such as in the 
hygrometer shown below (left). This one uses a sens- 
ing element that changes length with a change in hu- 
midity. Alternatively, the change can be monitored 
electronically, such as with the digital unit (right), 
which operates by measuring a change in electrical 
resistance of a sensing element. Other electronic hy- 
grometers measure changes in capacitance arising 
from the fact that the dielectric constants of certain 
polymers and metal oxides change with humidity. 


San er 


Other electronic hygrometers measure the change in 
thermal conductivity of the air with humidity; still 
others depend on the direct determination of the dew 
point by opto-electronic sensing of the condensation 
of liquid water on a cooled surface 


Yet another type of hygrometer, the psychrometer, 
indicates humidity by the temperatures shown by 
each of a pair of thermometers, one of which is kept 
dry while the other is kept moistened with water, free 
to evaporate into the air. 


Devices are available that incorporate a hygrometer 
to sense humidity and means to maintain the humidity 
at a pre-determined level. Such a device is described 
as a humidistat or a hygrostat. 


HYGROSCOPIC — The property of a material that has a 
tendency to absorb and retain moisture from the at- 
mosphere. The absorbed water can lead to problems 
with a pyrotechnic material’s physical and chemical 
stability. These problems include a loss of physical 
integrity, poor ignitability and/or performance, and 
possibly spontaneous ignition. 
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Hygroscopicity is quantified by specifying the rela- 
tive humidity existing over a fully saturated solution 
of the material; this relative humidity is commonly 
described as the material’s critical humidity (see hu- 
midity). Materials with a high critical humidity 
(>90%) have only a slight tendency to absorb mois- 
ture from the air and are considered to be relatively 
non-hygroscopic. Those with a moderate critical hu- 
midity (80 to 90%) are considered to be slightly to 
moderately hygroscopic. Materials with a relatively 
low critical humidity (<80%) are considered to be 
significantly hygroscopic and most are too hygro- 
scopic for routine use in pyrotechnics. The critical 
humidity for a few common or potential ingredients 
in pyrotechnic compositions is presented below 
(PATR 2700). 


When materials are exposed to a relative humidity 
that is greater than their critical humidity, they liquefy 
as a solution and are said to have become deliques- 
cent. For example, sodium perchlorate (with a critical 
humidity of = 25%) would otherwise be a potentially 
useful component of some pyrotechnic compositions, 
but it is so hygroscopic that a few crystals allowed to 
sit exposed to typical ambient levels of humidity will 
quickly liquefy to become a syrupy mass. 


When a pyrotechnic composition includes a chemical 
that contains absorbed water, the composition produc- 
es somewhat less energy upon burning. The reason is 
that energy is consumed in the removal (i.e., exsicca- 
tion) of the absorbed water. For example, the relative 
burn rate of quick match, as a function of the humidity 
under which it was stored, is presented below. 
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Relative | Moisture | Change in 
Humidity | Absorbed | Burn Time 


The quick match test segments were maintained at the 
stated relative humidity until their weight (i.e., mois- 
ture content) no longer increased with time. In some 
critical timing situations, such changes in quick match 
burn time could pose a problem unless anticipated. 
The slower or less active burning could also increase 
the chances of failure of the quick match, from other- 
wise minor deficiencies. 


HYGROSCOPICITY TEST — A determination of the ex- 
tent to which a material gains moisture as a result of 
exposure to humidity. The material may be a raw ma- 
terial such as potassium nitrate, sulfur or charcoal; or 
the material could be a finished product such Black 
Powder. 


A typical procedure for a hygroscopicity test begins 
with the sample being thoroughly dried, often by 
heating in an oven and possibly under vacuum. Then, 
the sample is precisely weighed before being placed 
into a constant specified humidity and temperature 
environment (e.g., in a constant humidity chamber). 
After a specified length of time, the sample is re- 
moved and immediately re-weighed. The difference 
in weight is the amount of moisture gained and is re- 
ported as a percentage of the sample’s dry weight. 


If desired, the above process can be continued by ex- 
posing the sample to a series of increasingly higher 
relative humidity environments, each time weighing 
the sample after its weight has stabilized. Hygrosco- 
picity test results for samples of black match taken 
from aerial shell leaders dating to approximately 
1992, are presented below. 


Percent Gain at Humidity 
64% | 72% | 78% | 86% | 90% 


a) These are the average weight gains for 10 sources of 
black match, not all of which are included in the table. 
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All of the black match samples had been conditioned 
for an extended period at 35% relative humidity be- 
fore starting the testing. Information on absorbed 
moisture can be useful for anticipating moisture- 
related problems under conditions of high humidity. 


A variation of the forced-drying hygroscopicity test 
procedure is also used for materials that are especially 
temperature sensitive and cannot be dried by heating. 
In that case, the sample can be preconditioned by 
placing it for an extended time in a constant humidity 
chamber that maintains a sufficiently low relative 
humidity. During this time, the sample will lose most 
(or all) of its absorbed moisture. Then the sample is 
precisely weighed, before placing it into a chamber 
providing a higher relative humidity for a specified 
time and re-weighing. 


HYGROSTAT — See humidistat. 


HYPERGOLIC -— The self-ignition of certain combina- 
tions of fuels and oxidizers upon contact. An example 
of a hypergolic mixture is a liquid-propellant rocket 
combination (i.e., fuel and oxidizer), for which the 
activation energy is so low that they ignite upon con- 
tact. A classic hypergolic propellant is red fuming ni- 
tric acid and hydrazine. (Contrast with pyrophoric.) 


HYPERSONIC VELOCITY — See sonic velocity type. 


HYPERTERMINAL VELOCITY (rocketry) — A velocity 
greater than that at burnout of a rocket motor. This 
may occur for a two-stage rocket that has an extremely 
high-thrust, first-stage motor and a low-thrust, second- 
stage motor. It is possible that the thrust produced by 
the second stage will be less than its weight plus 
drag. Accordingly, the velocity of the rocket will de- 
crease during the burning of the second stage. In this 
instance, because the velocity upon burnout of the 
first stage is greater than the terminal (i.e., final) ve- 
locity of the rocket, it would be described as a hyper- 
terminal velocity at the time the first-stage burnout 
occurs. 


Hz — Abbreviation for hertz. 
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I- The symbol for inertia. 


IARC — Abbreviation for the /nternational Agency for 
Research on Cancer. 


IATA — Abbreviation for the [International Air Trans- 
portation Association. 


IC — Abbreviation for ion chromatography. 


ICC — Abbreviation for the Interstate Commerce 
Commission (US). 


ICE FOUNTAIN — (Also ice candle, sparkle candle, 
Dreamstar, Traumsterne or cake decoration gerb) — A 
relatively small cylindrical fountain loaded with a ni- 
trocellulose composition containing fine titanium 
granules to produce a spark effect. An example of an 
ice fountain functioning indoors in a lighted room is 
shown below (note the lack of visible smoke). 


Photo Credit: Rick Schwartz 


Ice fountains typically have a rather small internal di- 
ameter, a thick-walled paper tube and no choke. The 
colored units (shown below) have a tube ID of 0.3 
inch (8 mm) and a wall thickness of 0.1 inch (3 mm). 
They burn cleanly with a relatively cool flame and 
make almost no visible smoke. Burn times are typi- 
cally at least 30 seconds, producing a column of 
mildly branching, white sparks reaching nearly 2 feet 
(0.6 m) above the mouth of the tube. Examples of ice 
fountain devices that produce white and yellow 
sparks are shown on the left below. Some ice foun- 
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tains, such as those shown on the right below, also 
produce a weakly colored-flame effect. 
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As shown below for green, yellow and red ice foun- 
tains, the color effect is noticeable but not impressive. 
The exposure for these photographs was 1/60 second 
and the colors have been adjusted somewhat to ap- 
proximate their actual appearance. 


The ice-fountain composition is loaded to the very 
top of the tube, where it can be easily ignited with a 
match (thus, normally, no fuse is provided). Some ice 
fountains may be fitted with a removable plastic cone 
that initially covers the top of the fountain to protect 
the composition and prevent its loss before use. This 
cone is meant to be removed and placed on the bot- 
tom of the tube just before use, where it acts as a 
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spike to aid in keeping the device upright when placed 
into a cake or other penetrable surface. 


Ice fountains are commonly manufactured in Europe, 
and several Chinese manufacturers are also producing 
them. Despite their jet of fire and spray of sparks, ice 
fountains are relatively safe and, if obvious precau- 
tions are taken, are suitable for indoor use. In some 
jurisdictions they are considered to be consumer 
fireworks and are subject to the same regulations. If 
consumer fireworks are prohibited, ice fountains will 
not be allowed. This situation appears to apply in some 
Australian jurisdictions, where ice fountains were 
available for a short time and then disappeared from 
the market. 


ICE POINT — A standard reference temperature fre- 
quently used as the reference temperature for thermo- 
couples. The ice point is the temperature at which pure 
water freezes, 32 °F (0 °C or 273.15 K). 


ICE SPAR — See sodium hexafluoro-aluminate. 


ICI — Former abbreviation for the International Com- 
mission on Illumination, now abbreviated CIE for 
Commission Internationale de 1’Eclairage. 


Also, abbreviation for the British conglomerate Impe- 
rial Chemical Industries (1926-2008), formerly active 
in the industrial explosives business. 


ICI ILLUMINANT and ICI WHITE — See CIE illuminant. 
ICI PLASTIC IGNITER CORD -— See igniter cord. 

ID — Abbreviation for internal diameter. 

IDEAL DETONATION — See detonation type. 


IDEAL EXHAUST VELOCITY — See exhaust velocity 
(maximum ideal gas exhaust velocity). 


IDEAL GAS — A hypothetical gas in which the particles 
(i.e., atoms or molecules) comprising the gas are as- 
sumed to individually occupy zero volume, have no 
inter-particle forces and have perfectly elastic colli- 
sions. An ideal gas completely obeys the ideal gas 
law and the gas laws that can be derived from it (e.g., 
Boyle’s law, Charles’ law and the combined gas law). 
(See gas law.) 


Mostreal gases at pressures less than 100 atmospheres 
closely approximate an ideal gas. 


IDEAL GAS CONSTANT - See gas constant (universal 
gas constant). 
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IDEAL GAS EXHAUST VELOCITY — See exhaust ve- 
locity. 


IDEAL GAS LAW and IDEAL GAS EQUATION — See gas 
law. 


IDEAL THRUST EQUATION — See thrust, rocket. 
IDENTIFICATION TAGGANT — See taggant. 


IDITOL™ — [C13H 1202] — {9003-35-4} 


A phenol-formaldehyde (1.e., phenolic) resin of the 
Novolac type used as a substitute for shellac as a fuel 
and binder in military flare compositions, especially 
in Russian formulations. It is a slightly reddish, glassy 
solid made by condensing excess phenol with formal- 
dehyde in the presence of an acid catalyst. Despite 
the name, Iditol as described above is completely dif- 
ferent from the sugar alcohol also referred to as iditol: 
([CoHi40¢], IUPAC name (2R,3S,4S,5R)-hexane- 
1,2,3,4,5,6-hexol). 


Characteristic (a) 


Formula weight =| 200.24 g/mol | 9 | 


Density 4.25 — 1.30 g/cm’ | 


9 . 
S 
Enthalpy of formation | — 623 kJ/mol ©) 


a) Code for reference source, see preface. 
b) Calculated from enthalpy of combustion. 


Health information: TLV: none established. 
UN hazard classification: not regulated. 


Composition: Iditol is composed of 79% carbon, 15% 
oxygen and 6% hydrogen; this was used to calculate 
its formula weight. 


IDLH — Abbreviation for immediately dangerous to 
life and health. 


IED — Abbreviation for improvised explosive device. 


IGLOO MAGAZINE — A type of explosives magazine, 
usually covered with earth, having an arched (i.e., 
curved) roof that extends down to floor level. These 
magazines are common for the storage of military 
munitions. 


IGNIFEROUS EXPLOSIVE TRAIN — A type of explosive 
train that propagates in a burning mode, as distinct 
from one that propagates in part or in total by detona- 
tion, as commonly found in gun cartridges and pyro- 
technic devices. 
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IGNITABILITY — A poorly-quantified term referring to 
the relative ease of ignition of a substance. In effect, 
this relates to a material’s activation energy require- 
ment. 


IGNITABLE — Capable of being set on fire under speci- 
fied conditions. (See flammable material.) 


IGNITER — An item, typically containing a pyrotechnic 
composition, used to initiate the burning or deflagra- 
tion of a pyrotechnic device or ignition train. There 
are many types of igniters, and they may be actuated 
chemically, electrically or mechanically. For example, 
see electric igniter (rocketry), electric match, electric 
hot-wire igniter, fuse igniter (blasting safety) and squib. 


IGNITER COMPOSITION — A pyrotechnic material 
used to initiate the burning reaction of another; ex- 
amples include a prime used to aid in the ignition of a 
fuse, a firework star or other device the pyrotechnic 
composition coating the tip of an electric match, the 
bridgewire composition in a detonator and the base 
charge in a squib. 


IGNITER CORD -— A thin, flexible, externally hot- 
burning fuse, usually having a diameter of approxi- 
mately 3/32 inch (2.4 mm) or a little smaller. In Eng- 
lish, the term ‘igniter cord’ typically describes a fuse 
intended primarily for use in blasting as an aid in ig- 
niting Bickford-style fuse (see Bickford fuse ignition 
method), but the equivalent term in other languages 
may have a somewhat broader application. In Ger- 
man, for example, the term ‘Anziindlitze’ also applies 
to visco fuse and similar products that are not used in 
blasting. 


Igniter cord can be manufactured in various ways. 
For example, its core of composition is often extruded 
and may be covered with a sparse wrap of thin wires 
and/or threads, or it may have a continuous covering 
of thin plastic. Further, the core of composition may 
contain a wire. In other igniter cords, the core of 
composition may be a powder surrounded by a thin 
film of plastic and wrapped sparsely with threads. The 
core of composition may consist of a mixture of 
lead(II,II,IV) oxide, silicon and potassium perchlorate, 
with a nitrocellulose binder. Such igniter cord com- 
positions burn much hotter than a typical Black Pow- 
der fuse (e.g., visco fuse). The core of composition in 
other igniter cords may be a modified Black Powder. 


The term ‘igniter cord’ thus covers a rather wide 
range of products, each product having its own char- 
acteristic properties. Consequently, it cannot be as- 
sumed that one product described as igniter cord will 
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be a safe and effective substitute for another. On the 
contrary, care must be taken to ensure that the prop- 
erties of any specific igniter cord are appropriate for 
the intended application. More details on different 
brands of igniter cord are provided at the end of this 
entry, in alphabetical order. 


Safety note: Igniter cords have varying degrees of 
sensitiveness to accidental ignition. When cutting any 
igniter cord (as with cutting any fuse material) con- 
sideration must be given to the possibility of its unin- 
tended ignition. 


In fireworks: Igniter cord is sometimes used in a type 
of chain fusing that burns more slowly than quick 
match. An example is shown below. 


In the above example, the quick match leader fuse 
from five aerial shells has been taped to the igniter 
cord (red arrows) at five points along its length (yel- 
low circles). Following this, the fusing will be cov- 
ered with tape to provide resistance to accidental ig- 
nition from burning fallout. 


In rocketry: In high-power rocketry, a type of rocket 
motor igniter is sometimes fabricated from a camera 
flashbulb and a length of fast (white) Thermalite ig- 
niter cord made into a type of quick match by inserting 
it into a thin plastic tube, as shown below. This type 
of igniter has the advantage that, when inserted into 
the rocket motor core, it can reach to the top of the 
core, where ignition properly occurs. 


to ignite with the flame from a match or a cigarette 
lighter; this can pose a problem when it is necessary to 
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ignite several fuses at about the same time. Igniter cord 
is readily ignited, and it can be used to easily and 
near simultaneously ignite a collection of two or more 
lengths of blasting safety fuse. This can be accom- 
plished by using igniter-cord connectors or simply by 
punching a hole through the fuse and stringing igniter 
cord through the holes, as shown below. 


i 


| 
al 
a 
| 
| 
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The appearance of a range of different igniter cords is 
shown below. 


The approximate average burn rates of the igniter 
cords shown in the picture are presented in the Table 
below, in which the following abbreviations are used. 
Igniter cord 1 is from the German company Wasag 
Chemie (WC); 2 shows two types of American En- 
sign Bickford quarry cord (EB Q-Cord); 3 is Mantitor 
plastic igniter cord from Orica Brazil (OB); 4 shows 
three types of plastic igniter cord from the UK firm 
Imperial Chemical Industries (ICI); and 5 shows three 
types of Thermalite igniter cord from CXA, Ltd., 
Canada (CXA). 


The burn rates cover a wide range, making the igniter 
cords useful for a variety of applications in fireworks, 
rocketry and theatrical special effects. 


The individual products are discussed further, below 
(in alphabetical order), but not all of them may be 
readily available. As mentioned above, igniter cords 
were primarily manufactured for the ignition of blast- 
ing safety fuse in commercial blasting operations. 
Since blasting safety fuse has now mostly been re- 
placed with more modern initiation methods (e.g., 
detonating cord, shock tube and electric detonators), 
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Igniter Cord | (in./s) | (mm/s) | (s/in.) | (s/m) 
EE Q-Cord ©) AC ) 0.02 as 8 


a) Values to the nearest 0.1 in./s (5 mm/s) or 2 sig- 
nificant figures. 


b) Values to the nearest 0.01 s/in. (0.1 s/mm) or 2 
significant figures. 


c) This newer of the two Ensign-Bickford products, 
which reportedly has a lead(II,II,IV) oxide, silicon 
and potassium perchlorate composition, is more 
susceptible to accidental ignition. 


d) This older of the two Ensign-Bickford products 
had a Black Powder-based fuse powder. 


some formerly common igniter cords are no longer 
manufactured. 


ICI plastic igniter cord—(Also abbreviated as PIC) 
— A plastic igniter cord formerly manufactured by 
Imperial Chemical Industries in Scotland. The slower 
burning type(s) of this fuse came in various-colored 
plastic outer wraps that had similar (or identical) burn 
rates, approximately 0.9 inch per second (22 mm/s). 
These ICI igniter cords were constructed much like 
the more recently produced Mantitor cord (see below), 
with a copper wire at the core and an iron wire for 
strength. The fast-burning ICI plastic igniter cord 
(brown) was slightly thicker and was manufactured 
with several fibrous threads in its core, rather than a 
wire. This fuse burned quite quickly, approximately 
12 inches per second (300 mm/s). Each type of ICI 
cord was supplied on a 150 m (500 foot) chipboard 
spool, shown below. 
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The fast-burning ICI plastic igniter cord was some- 
times used on lancework as a substitute for quick 
match. This was particularly effective when a lance- 
work piece was intended to ignite at a more leisurely 
pace than results from using quick match. 


Historical: Reportedly, plastic igniter cord originated 
in unsuccessful attempts to develop a fuse that would 
perform even if subjected to mechanical damage in 
wet conditions (Fordham, 1980). Its development can 
be followed in a series of patents, the first of which 
was filed in 1940. 


The originally marketed ICI ‘Plastic Igniter Cord’ 
came in two forms: a fast-burning brown cord, with a 
burn time of approximately 3.3 s/m (1 s/ft), and a 
slow-burning green cord that burned at approximately 
one-tenth the speed. The fast cord was made by first 
coating textile or paper yarn with a mixture of Black 
Powder and nitrocellulose lacquer. The dried yarn 
was then coated with a thick layer of plastic incendiary 
composition in an extruder and was finally covered 
with a protective layer of polyethylene. The slow 
cord was made in the same way, but with a metal 
wire replacing the Black Powder-coated yarns. 


The incendiary composition was a mixture of 
lead(II,U, IV) oxide, potassium perchlorate or potas- 
sium nitrate, and finely divided silicon or calcium sil- 
icide. The composition was made thermoplastic by in- 
clusion of plasticized nitrocellulose in the mixture 
which was extruded between 80 and 115° C (175 and 
240° F) 


Later, ICI introduced other types of plastic igniter 
cord, including a yellow slow-burning igniter cord 
with no support wire, and two blue igniter cords with 
even longer burn times (49 and 148 s/m). 


ICI eventually discontinued its production of plastic 
igniter cord, but comparable products were, and still 
are, produced by other companies. For example, the 
Mantitor™ brand igniter cord is manufactured by the 
ICI successor company Orica Brazil. 


Mantitor™ cord — (Also plastic igniter cord, ab- 
breviated as PIC) — The trade name for a plastic ig- 
niter cord more recently manufactured by Orica Brazil. 
It is made with a composition extruded around a thin 
copper wire. It also has an external iron wire for added 
strength and is covered with a layer of plastic. An ex- 
ample of the construction of Mantitor igniter cord is 
illustrated below. 
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Plastic Coating 
om Outer Wire ony | 
[ Powder Core 

Core Wire (Copper) 
Mantitor cord burns at approximately 0.8 inch per 
second (20 mm/s) with a hot, external flame. It is 
supplied on a 100 m (330 foot) black plastic spool, as 
shown below. 


Quarry Cord™ — The trade name for an igniter 
cord formerly manufactured in the US by Ensign 
Bickford. Over the period of its manufacture, two 
distinctly different powders with significantly differ- 
ent burn rates were used, but the two fuses looked 
similar (see below). 


The upper fuse, from an earlier production, contained 
a Black Powder-type composition. It had a burn rate 
of approximately 3.4 inches, 85 mm, per second and 
was relatively insensitive to accidental ignition. The 
lower fuse is from later production and contains a 
Goldschmidt reaction composition, apparently based 
on lead(ILILIV) oxide, silicon and potassium per- 
chlorate. This fuse (with a burn rate of approximately 
48 inches, 1200 mm, per second) was more sensitive 
than the earlier type and could be ignited by the sharp 
blow of a hammer on a hard surface; it carried a 
warning label on its rolls (shown on the left below). 
Both types of fuse were supplied on 500-foot (150-m) 
spools. 
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Thermalite™ — The trade name for an igniter cord 
formerly manufactured by CXA, Ltd. It apparently was 
made with a composition containing lead(IL, ILIV) ox- 
ide, silicon and nitrocellulose, extruded around a thin 
copper wire; it then had iron wires and a sparse wrap 
of threads wound around its outside. It burned with a 
hot, external flame. An example of the construction 
of Thermalite igniter cord is illustrated below. 


Powder Core 
Outer Wires (Iron) 


Core Wire (Copper) 
Fine Thread Wrap 


Thermalite was available in three color-coded speeds 
supplied in a 30 m (100 foot) roll wound on a red 
plastic spool (shown below). The red fuse burned 
slowest, green was an intermediate speed and white 
was fastest (see the above table for burn rates). 


: tt! HEE HEEHSE 


_ _ 


In_fireworks: Thermalite was occasionally used as 
cross-matching fuse for Bickford-style time fuse but 
was somewhat unreliable because of the tendency for 
its outer wires to rust over time, making the fuse re- 
sistant to side ignition. Thermalite was also used quite 
successfully to make timing bars for slow-firing fuse 
chains. 
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In rocketry: Thermalite is sometimes used to ignite 
composite rocket motors (discussed above). 


Wasag Chemie’s Anziindlitze — An igniter cord 
formerly manufactured by the German company 
Wasag Chemie, and formerly widely used the primary 
ignition fuse of European consumer fireworks, much 
as visco fuse is used in the US and Canada. The last 
line of text on the package (shown below) translates 
as ‘Must not be used for blasting’. 


WASAG CHEMIE 


& Sythen Gesellschaft mit beschrankter Haftung 
Werk Kunigunde - D-38704 Liebenburg 


Tel. 49(0)5346/9500-0 


1 Ring 8 Meter 


Anzundlitze 


Brennzeit 23 + 5 s/m 


BAM-ZA-0008 
Herstellung: = 

| Kuhl und trocken lagern! 

__ Dart nicht fir Sprengarbeiten verwendet werden! 


The company Wasag Chemie terminated in 2001, so 
this item is now only of historical interest. 


IGNITER CORD CONNECTOR ~— (Also bean-hole con- 
nector) — A short, closed-end metal tube, containing a 
small amount of pyrotechnic composition, used to 
connect an igniter cord to blasting safety fuse. The 
safety fuse is inserted into the tube's open end, and 
the igniter cord is threaded through a pair of openings 
in the sides of the connector. The somewhat bean-like 
shape of these openings apparently gave rise to the 
alternate name for the connectors. 


Te 
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The igniter cord connector would normally be held 
tightly on the end of the blasting safety fuse by 
crimping with a crimping tool. For this photograph, 
the fuse was only slipped into the connector; it was 
not crimped in place. 


IGNITER, DARK — See dark igniter. 
IGNITER, ELECTRIC — See electric hot-wire igniter. 
IGNITER, FURNACE - See furnace igniter. 


IGNITER, HOT-WIRE — See fuse igniter and electric 
hot-wire igniter. 


IGNITER, MOLOTOV COCKTAIL — A device attached 
to a glass bottle or jar filled with flammable liquid, so 
that the contents will be ignited when the container is 
broken. Such fuel-filled bottles have been used as in- 
cendiary weapons, especially for attacking tanks and 
other armored vehicles. Originally the means of igni- 
tion was a fuel-soaked rag stuffed into the mouth of 
the bottle. During World War II, these weapons were 
used by official armed forces and more convenient 
means of ignition were introduced; one example is 
shown below. 


a — 


Photo Credit: Alan Downer 


These igniters were manufactured in Sweden in 1943, 
presumably in anticipation of a possible violation of 
that country’s neutrality. Each igniter consisted of a 
wooden stick, 3 mm (0.12 inch) square in cross- 
section and 155 mm (6.2 inches) in length, heavily 
coated for approximately 130 mm (5.2 inches) with a 
composition similar to that used in windproof matches. 
The whole igniter was coated with wax to protect it 
from moisture. In use, a device was to be attached to 
the fuel-filled bottle with tape or string and ignited, 
either by striking on a special board or with an ordi- 
nary match, immediately before the bottle was hurled 
at the target under attack. 


A different type of pyrotechnic igniter for these 
weapons was produced in Australia during World 
War I. A label, with directions for use, for such ig- 
niters is shown below. 
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MOLOTOV COCKTAIL IGNITERS, Mark III. 


DIRECTION FOR USE. 


TO SECURELY FASTEN THE IGNITER TO THE BOTTLE: 
Knot the loop tape so that it holds firmly around neck of bottle, 
then bind other tapes around body of bottle. 
The Petrol Grenade is now ready to be ignited. 
TO IGNITE THE IGNITER. 
Grasp bottle neck by right hand, insert index finger of left hand 
through the looped string, and with a straight-away-from-body 
pull, ignite the Igniter. 
The string MUST NOT BE PULLED until the last second before 
throwing the grenade at tank, vehicle or other object attacked. 
Se ee 


Manufactured by CONTENTS 
The PHOENIX FIREWORKS CO. PTY. LTD., IN BOX, 
357 Little Collins Street, Melbourne. 20 IGNITERS 


These devices were evidently a form of pull-wire ig- 
niter, giving them the advantage of being completely 
self-contained. 


Historical: Improvised incendiary weapons of the type 
described here were introduced during the Spanish 
Civil War in 1936-1939. They were subsequently ex- 
tensively used by Finnish forces in the two wars be- 
tween Finland with the Soviet Union: The Winter 
War (1939-1940) and the Continuation War (1940- 
1941). The name ‘Molotov Cocktail’ was derived de- 
risively by the Finns from that of Vyacheslav Mi- 
khaylovich Molotov (1890-1986), Foreign Minister 
of the Soviet Union from 1939 to 1949. 


IGNITER PLUG — A paper or plastic plug used to close 


the nozzle and hold an igniter in place in a model 
rocket motor. Before and after installation examples 
of the use of an igniter plug (pink) in a rocket motor 
are shown below. 


IGNITER, PULL-WIRE — See pull-wire igniter. 
IGNITER, ROCKET- See electric igniter (rocketry). 


IGNITER TRAIN -— See ignition train. 
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IGNITION (pyrotechnic) — The process of causing the 
self-sustained burning or explosion of a pyrotechnic 
composition. Ignition occurs when the ignition tem- 
perature of the pyrotechnic composition has been ex- 
ceeded, corresponding to the composition having been 
supplied the activation energy needed for the chemical 
reaction (i.e., burning) of the composition. Pyrotechnic 
ignition can be further categorized by specifying the 
manner in which thermal energy is delivered to the 
composition (i.e., whether it is by conduction, con- 
vection or and radiation). (See ignition type and igni- 
tion propagation energy diagram.) (Contrast with 
high explosive initiation.) 


IGNITION, CLUSTER (rocketry) — See cluster ignition. 


IGNITION DETERRENT and IGNITION INHIBITOR — 
See inhibitor, ignition. 


IGNITION, ELECTRICAL (fireworks) — See electrical 
ignition. 


IGNITION HEAD — See electric match. 


IGNITION, PILOTED — (Also forced ignition) — The 
ignition of a material in response to an externally ap- 
plied ignition source, such as a flame, spark or a glow- 
ing wire. The term is usually applied to the ignition 
of non-pyrotechnic materials as a part of fire testing. 


IGNITION PROPAGATION ENERGY DIAGRAM — (Also 
Shimizu diagram or Shimizu energy diagram) — An 
aid used to visualize the relationship between ignition 
stimulus, activation energy and the enthalpy of reac- 
tion for a pyrotechnic composition or a series of con- 
nected pyrotechnic compositions. The value of these 
diagrams lies in their ability to provide a qualitative 
understanding of several ignition and propagation 
problems, and how these problems may be overcome. 
An ignition propagation energy diagram is a clever 
combination of a sketch and a qualitative graph, as il- 
lustrated farther below. 


The lower portion of the diagram is simply a sketch 
of a portion of some pyrotechnic composition, shown 
as initially having a burning surface a-b, and which 
has burned to the current burning surface a'-b'. Above 
the sketch is a graph of energy as a function of dis- 
tance along the composition. Here, the two key terms 
from the propagation inequality are charted. The en- 
ergy being fed back (Er) from the presently reacting 
layer of composition to the next (i.e., pre-reacting) 
layer just behind it is shown as a dashed, orange line. 
Also, charted is the activation energy (Ea) required 
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Graph 


\ Sketch 


Present Burning Surface 
Initial Burning Surface 


for ignition and for the composition to maintain burn- 
ing, which is shown as a solid, blue line. 


When the process of ignition is discussed, the amount 
of energy (i.e., the ignition stimulus) being delivered 
to the exposed surface of the composition can be shown 
as an arrow (red) from the left side of the diagram 
(I;). The source of the ignition stimulus can take any 
of several forms. It could be direct thermal energy, 
such as provided by a burning fuse; it could also be 
thermal energy derived from a mechanical stimulus 
(i.e., from impact or friction), or an electrical stimulus 
(i.e., from an electrostatic discharge). 


In simplest terms, the ignition of the composition will 
be successful only if the ignition stimulus (I;) exceeds 
the composition’s activation energy (Ea) requirement. 


Further, propagation will continue only so long as the 
amount of energy being fed back (Ef) is greater than 
the activation energy requirement. Both requirements 
are met in the above example; accordingly, this pyro- 
technic composition will be ignited by the ignition 
stimulus and it will propagate throughout its length. 
Two more examples will help demonstrate the utility 
of ignition propagation energy diagrams. 


In the first example, an attempt is being made to ig- 
nite a pyrotechnic composition with a fixed level of 
ignition stimulus. Note first, in the illustration below, 
that this pyrotechnic composition will propagate once 
it is ignited because the amount of energy it will feed 
back (Es) is greater than its activation energy re- 
quirement (Ea). The first attempt to ignite the compo- 
sition directly is unsuccessful because the level of the 
ignition stimulus (Is) is below the composition’s acti- 
vation energy requirement. 
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“21 Pyro. Comp. 


——————————=ar 


The difficulty with ignition of this composition can 
be corrected by first applying a layer of suitable 
prime composition on the surface to be ignited as 1l- 
lustrated below. (The thickness of the prime layer has 
been exaggerated for clarity.) 


fro con 


Se AS = 


L Prime 


The ignition of the prime is now successful because 
the level of the ignition stimulus for the prime is 
greater than the activation energy requirement for the 
prime composition (Eap) and the prime will burn be- 
cause the energy it feeds back is greater than its acti- 
vation energy requirement. Once the burning prime 
proceeds to the right and meets the main pyrotechnic 
composition, the prime will successfully ignite that 
composition because the energy fed back from the 
prime (Efp) is also greater than the activation energy 
requirement of the composition (Ea). 


An example of an ignition propagation energy dia- 
gram fora pair of pyrotechnic compositions in contact 
with each other, such as would be found in a color- 
changing firework star is illustrated below. Note that 
each of the two compositions will propagate if suc- 
cessfully ignited (i.e., in each case the burning com- 
position will feed back more energy than is needed 
for its activation energy). In this case, the real question 
is whether, once ignited, will the outer composition 
(Comp. 2) successfully ignite the inner composition 
(Comp. 1). Clearly, in this case it will not, because 
the inner composition requires greater activation en- 
ergy (Ea1) than is being fed back by the outer burning 
composition (Ej2) 
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The failure to have the outer composition successfully 
ignite the inner composition can be overcome by the 
interposition of a suitable layer of prime composition, 
as illustrated below. (The thickness of the prime layer 
has been exaggerated for clarity.) 


In this case, once the burning has proceeded reach the 
interface with the prime, since the energy fed back by 
the outer composition (Ej2) is greater than the activa- 
tion energy requirement of the prime (Eap), it will be 
ignited. Then, since the energy fed back by the now 
burning prime composition (Efp) is greater than the 
activation energy required by the inner composition 
(Eat), it will be ignited by the prime. 


IGNITION ROD — See match, repeatedly-ignitable. 


IGNITION SENSITIVENESS — The ease with which a 


pyrotechnic or explosive composition can be ignited by 
a stimulus. Commonly, four types of ignition stimuli 
are used to characterize ignition sensitiveness, as dis- 
cussed below. For the most part, in each case, the 
stimulus energy is either heat or is converted to heat, 
and ignition occurs if the composition is thus raised 
to its ignition temperature. 


For general information on common methodologies 
for the production and analysis of sensitiveness data, 
see sensitiveness test protocol. 


electrostatic discharge sensitiveness — (Also ESD 
sensitiveness) — A measure of a material’s tendency 
to be ignited from the energy supplied in the form of 
an electric spark (i.e., static electricity). Electrostatic 
sensitiveness is measured as the spark energy (in 
joules) that causes an ignition a specific percentage of 
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the number of trials. A simplified apparatus for deter- 
mining electrostatic sensitiveness is illustrated below. 


Probe az 


Needle 


Sample 


ae 


With this apparatus, a spark (i.e., electric discharge) 
is made to occur between a needle electrode and a 
test sample of composition. The mechanism of ignition 
is the heating caused by the spark passing through the 
sample. Materials, such as flash powders, that contain 
conductive metals often have relatively high electro- 
static sensitiveness. 


friction sensitiveness — A measure of a material’s 
tendency to be ignited or explode as a result of fric- 
tional energy. A simplified apparatus for determining 
friction sensitiveness is illustrated below. 


Constant Downward 
Force on Striker 


Sample 


Location Motion of Anvil 


—™\ > 


Friction sensitiveness is typically measured as the 
force that must be applied between a pair of frictional 
surfaces in relative motion, to cause an ignition a 
specific percentage of the number of trials. 


With this apparatus, frictional energy is delivered to a 
test sample when a rubbing motion occurs between a 
striker and an anvil. Most often, the striker and anvil 
are made of porcelain. The mechanism of ignition is 
primarily the result of hot spots produced by rubbing 
between the abrasive surface(s) of the apparatus 
and/or the components in the pyrotechnic composition. 
The physical characteristics of the sample play an 
important role because of differences in the efficiency 
of delivering the frictional energy. For example, a 
composition containing hard, gritty components tends 
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to be better at producing hot spots and thus is more 
friction sensitive than a composition with wax-like 
(phlegmatizing) components. 


For information on one test method and the equip- 
ment used, see friction sensitiveness test, BAM. 


impact sensitiveness — (Also fall hammer sensi- 
tiveness) — A measure of a material’s tendency to be 
initiated as a result of energy supplied in the form of 
impacting surfaces. Impact sensitiveness is typically 
measured as the height from which a specific mass 
(i.e., a weight) must fall upon a sample of material 
constrained in a specific manner to cause its ignition 
a specific percentage of the number of trials. Typical- 
ly, the sample is held in a die set between a pair of 
polished steel anvils. A simplified apparatus for de- 
termining impact sensitivity is illustrated below. 


1~#——————- Guide Bar 
«——_ Drop-Hammer 


| Anvils 


Die Set (Enlarged) 


«— Die Set 


With this apparatus, a test sample is loaded into the 
die set between the anvils. With the die set positioned 
in the apparatus, the drop hammer (i.e., a substantial 
mass sliding on a guide) is raised into position and 
released to fall on (i.e., impact) the die set. The 
mechanism of initiation is partly from frictional forces 
produced by grains of composition rubbing together as 
they compact from the impact of the falling weight. 
Another important aspect is the development of hot 
spots produced as a result of adiabatic heating from 
the compression of trapped gas within the sample, as 
illustrated below in cross section. 


Impact 
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For more information on test methods and equipment, 
see impact sensitiveness test. 


temperature sensitiveness — A measure of a mate- 
rial’s tendency to be ignited or explode as a result of 
thermal energy. In effect, this amounts to determining 
the material’s ignition temperature under a specific set 
of conditions. Unfortunately, there are several com- 
monly used sets of conditions, which produce different 
results for the same material. For more information on 
test methods and equipment, see ignition temperature. 


IGNITION SPIKE — (Also ignition transient) — A rela- 
tively short-duration excursion observed in a rocket 
motor’s thrust profile immediately after ignition of 
the grain. An ignition spike for a core-burning pro- 
pellant grain is illustrated below. 


Thrust 


Ignition Spike 


Time 


Commonly, the ignition spike is attributed to erosive 
burning and, in some cases, to the excessive output of 
the igniter. Some propellant grain geometries (e.g., 
core-burning, C-slot and moon-burning) produce an 
initial thrust spike, much of which is the result of ero- 
sive burning. This is particularly the case when the 
core diameter or slot width is relatively small. 


Despite these considerations, there may be an added 
component to the ignition spike that cannot be ex- 
plained solely by erosive burning and/or excessive 
igniter output. This observation has been confirmed 
in recent computer modeling for rocket motors, spe- 
cifically those that have relatively low L* values 
(where L* equals the chamber free volume divided 
by nozzle-throat area). This modeling predicts a tran- 
sient deviation of the linear burn rate from the steady 
state Vieille equation: 


r=a(P,)' 


Here, a is the burn rate coefficient, P, is the chamber 
pressure, and n is the burn rate exponent, sometimes 
described as the pressure exponent, which is dimen- 
sionless. The values of a and n depend on the specific 
propellant being used. 


IGNITION STIMULUS — The type and amount of energy 
supplied to a pyrotechnic material that could poten- 
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tially cause its ignition. The type of stimuli includes 
thermal (high temperature), mechanical (impact and 
friction) and electrical (sparks and arcs). These stimuli 
can be intentionally applied to achieve ignition, such 
as a fuse providing thermal energy or a firing pin im- 
pacting a small-arms primer. These stimuli may also 
be applied unintentionally (resulting in an accident), 
examples include an electrostatic discharge from a 
person or the impact from a dropped tool as the 
source of energy. Ignition will occur only when an 
ignition stimulus is sufficient to deliver an amount of 
energy greater than the activation energy for the py- 
rotechnic material. (See ignition propagation energy 
diagram and ignition sensitiveness.) 


IGNITION TEMPERATURE — The temperature above 


which pyrotechnic ignition occurs within a short time 
for a small amount of material. This corresponds to 
the activation energy needed for the chemical reaction 
(i.e., burning) of the composition having been provided. 
(See ignition propagation energy diagram.) 


Some ignition temperatures for various fuels mixed 
with potassium chlorate are presented below (Shid- 
lovskiy, 1964): 


Ignition Temperature 
L(G) UE) 


Approximately the same trend of ignition temperatures 
is found when potassium perchlorate or potassium ni- 
trate is substituted for potassium chlorate, but the ig- 
nition temperatures are significantly higher. 


Several methods are used to determine the ignition 
temperature of pyrotechnic compositions; unfortu- 
nately, they can each yield different values for the 
same material. The data in the above table of ignition 
temperatures were obtained using small samples 
heated in an electric oven. 


Other common methods for determining ignition 
temperatures include three methods involving the use 
of a heated bath of Wood’s metal (a low melting eu- 
tectic alloy). 


Hot Bath Method One: Ignition temperature is the 
lowest temperature of the bath that results in ignition 
within 5 minutes for a 0.1 g sample contained in a 
small glass test tube. Typically, bath temperature is 
increased by 5 °C (9 °F) between each test. 
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Hot Bath Method Two: This method is similar to 
method one, but with the bath temperature increasing at 
arate of 5 °C (9 °F) per minute, and the sample is con- 
tained in 0.25-inch (6 mm) diameter thin-walled brass 
or aluminum tube. The temperature of the bath at the 
time of ignition is reported as the ignition temperature. 


Hot Bath Method Three: (Also Henkin-McGill meth- 
od) This uses a series of different bath temperatures 
near that required for ignition. The | g samples are 
loaded into thin-walled, brass or copper tubes, ap- 
proximately 0.25-inch (6 mm) diameter. In each case, 
the time taken for ignition is determined and plotted as 
a function of bath temperature. The reported ignition 
temperature is that corresponding an ignition time of 
5 seconds. 


When ignition time (¢) and temperature (7, in Kelvin) 
results from method three are plotted logarithmically 
(logtvs 1/T and log 1/t vs 1/T) approximately straight 
lines are produced. Then the temperatures corre- 
sponding to ignitions occurring on the order of 0.01 
and 1000 seconds may be readily determined from the 
graphs, and reported as maximum and minimum spon- 
taneous ignition temperatures, respectively. The max- 
imum spontaneous ignition temperature may be re- 
ported as the ‘flash point’ of the pyrotechnic compo- 
sition. 


Today, differential thermal analysis is commonly used 
to determine the ignition temperature, which is the 
temperature of the onset of the ignition exotherm as the 
sample is heated at a rate of 50 °C (90 °F) per minute. 


For an example of a range of ignition temperatures 
reported for the same pyrotechnic composition, con- 
sider the ignition temperatures for Black Powder pre- 
sented below. 


Method Used 


IGNITION TRAIN — (Also pyrotechnic train) —A series of 


elements (i.e., various pyrotechnic compositions) used 
to ignite the primary (i.e., main) pyrotechnic compo- 
sition ofa device. For easily ignited compositions (e.g., 
granular Black Powder), the ignition train may consist 
ofa single element, (e.g., a fuse or an electric igniter). 
For compositions that are more difficult to ignite, or 
for more complex devices, additional elements may 
be added to the ignition train. 


An example of a more complex ignition train is that 
typically used to ignite thermite, whichis very difficult 
to ignite. The ignition train may begin with a Black 
Powder fuse or an electric igniter, but it will also in- 
clude additional compositions, as illustrated below in 
cross section. 


Electric 
Igniter 


Thermite 
Charge 


Composition 
Black Powder 


The first additional composition might simply be a 
small charge of compacted Black Powder, which is 
used to ignite a second charge (e.g., a starter compo- 
sition), which is typically more difficult to ignite than 
Black Powder, but which produces substantially more 
thermal energy than Black Powder. The starter com- 
position is then capable of igniting the main charge of 
thermite. (See ignition propagation energy diagram.) 


In some cases, one or more compositions in the ignition 
train may serve a dual purpose. For example, a signal 
flare for firing from a flare pistol might have an ignition 
train starting with a percussion primer, progressing to 
a small Black Powder charge, followed by a layer of 
priming composition followed by the flare composi- 
tion. In this case, the Black Powder charge may also 
serve as the propelling charge for the pellet of flare 
composition. (Contrast with explosive train.) 


IGNITION TEMPERATURE, AUTO — See autoignition 
temperature (fire science) or thermal runaway tem- 


IGNITION TRANSIENT — See ignition spike. 
perature. 


IGNITION TYPE — The principal mode for supplying 
the thermal energy (i.e., heat) to produce the ignition 
of an energetic material. (See thermal energy transfer 
mechanism.) 


IGNITION TIME — (Also induction period and induction 
time) — The time elapsing between the application of 
an ignition stimulus and the onset of self-sustained 
combustion, under specified conditions. 

conductive ignition — Initiation of a self-sustaining 
chemical reaction, sufficient to constitute burning, in 
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an energetic material, which is accomplished by sup- 
plying thermal energy by conduction. 


convective ignition — Initiation of a self-sustaining 
chemical reaction, sufficient to constitute burning, in 
an energetic material, which is accomplished by sup- 
plying thermal energy by convection. 


radiative ignition — Initiation of a self-sustaining 
chemical reaction, sufficient to constitute burning, in 
an energetic material, which is accomplished by sup- 
plying thermal energy by radiation. 


IKKISKJAR — See Maltese firework term. 


ILLEGAL EXPLODING FIREWORKS (US) — See ex- 
ploding fireworks, illegal (US). 


ILLEGAL EXPLODING GROUND FIREWORK (US) -— 
See exploding ground firework (US), illegal. 


ILLUMINANCE — The /uminous flux per unit area inci- 
dent on a surface. It is a measure of the intensity of 
the incident light that has been weighted, using the 
luminosity function corresponding to human bright- 
ness perception as a function of wavelength. Illumi- 
nance is measured in /ux. 


Formerly, illuminance was often described as bright- 
ness, but this led to confusion with other uses of the 
word. In current usage, ‘brightness’ should be re- 
served for non-quantitative references to physiological 
sensations and perceptions of light. 


ILLUMINANT — A pyrotechnic composition or device 
designed to produce high-intensity light. luminants 
may be used in signaling and, in the past, to light the 
ground for military applications. IIluminant devices 
(e.g., illumination flares) may take the form of para- 
chute flares, illumination star shells or ground flares 
that are mounted or hand-held. Military illuminants 
are commonly made with compositions containing a 
large percentage of magnesium. Some examples are 
presented below. If these compositions are to have an 
extended shelf life, they must be well sealed against 
the influx of moisture. 


Formulation —| Parts by Weight 
Ingredient 
Sodium nitrate 42.7 | 42 


(1) Ellern, 1968. (2) and (3) Brock, 1961. 
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a) The polyester resin (Laminac™) is typically cured with 
methyl ethyl-ketone peroxide. 


Compositions such as these produce a remarkable 
amount of light, aided in part by a process described 
as line broadening. For example, a flare approximately 
1 inch (25 mm) in diameter can produce luminous in- 
tensity of 100,000 candelas. 


Magnesium oxide has been added to illuminating 
flare compositions to increase their luminosity. To be 
effective, the magnesium oxide content must be in 
the range of approximately 1 to 5% by weight. Below 
this range, it has no discernible effect; above this 
range, the magnesium oxide acts as a diluent and de- 
tracts from the effect of the unmodified composition. 
For example, the intensity of an unmodified flare com- 
position (formulation 2) is improved by reducing the 
polyvinyl acetate content and adding a small percent- 
age of magnesium oxide (formulation 3). This resulted 
in increasing the luminous intensity of a 25-gram pel- 
let from approximately 300,000 to 700,000 candela, 
while the burning time decreased from 3.60 to 2.24 
seconds. This corresponds to an increase in the lumi- 
nosity (in candela seconds) of almost 60%. 


In fireworks: ‘High-intensity color star compositions’ 
(See star (fireworks), star formulation) may include a 
significant percentage of magnesium. Magnalium, ra- 
ther than magnesium, is currently preferred in compo- 
sitions for such illuminant stars. The use of magnalium 
eliminates both the need for non-aqueous binding and 
the requirement that the device be well sealed against 
an influx of moisture. 


In photometry / colorimetry: Illuminant refers to ‘stand- 
ard’ illuminants, typically of a theoretical nature, used 
as standards against which visual colors are judged. 
They are used to measure the dominant wavelength 
and color purity (see color measurement) of both re- 
flected and emitted light (such as when measuring or 
defining the colors produced by burning pyrotechnic 
compositions). 


ILLUMINANT, EQUAL ENERGY — A light source having 


a uniform spectral power distribution value of | across 
the spectrum. 


ILLUMINATING (adjective) — (Also illumination) — A 


characteristic of a type of device (e.g., a star or a 
flare) or a composition that gives off considerably 
more light than usual. Typically, such a composition 
contains a substantial percentage of fine metal powder 
that is consumed within the flame produced by the 
device. These compositions usually do not shed bright 
sparks or leave a trail of sparks. 
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ILLUMINATING FLARE — See i//uminating torch. 


ILLUMINATING ROUND (military) — See star shell 
(military). 


ILLUMINATING TORCH - (Also illuminating flare or 
illuminations) — Usually a cylindrical tube containing 
a composition that produces an especially bright 
white or colored flame when ignited. These can either 
be mounted on a base or be hand-held, depending on 
the intended application. They can be used for signal- 
ing and in the past, have been used for general illu- 
mination (See flare (noun), illumination; and Bengal 
(Bengal illumination).) 


ILLUMINATION (adjective) — See i//uminating. 
ILLUMINATION FLARE — See flare, illumination. 
ILLUMINATIONS -— See i//uminating torch. 


ILLUMINATIONS (fireworks) — A historical term for 
fireworks in general. Independence Day, in the US, 
wrote John Adams (one of the Founding Fathers) 
“ought to be solemnized with Pomp and Parade, with 
Shows, Games, Sports, Guns, Bells, Bonfires and II- 
luminations from one End of this Continent to the 
other from this time forward forever more”. At that 
time (1776), illuminations were understood to mean 
the lighting of lamps and candles and the display of 
fireworks. 


ILLUMINATION SHELL — Either of two illuminating 
pyrotechnic devices, one used for firework displays 
and the other by the military. Historically, both devices 
were quite similar, but currently the only resemblance 
is that they are both projected into the air, where they 
release pyrotechnic items that burn with the emission 
of intense light. 


In fireworks: An illumination shell is any aerial shell 
containing i//umination stars. 


In military pyrotechnics: See star shell (military). 


ILLUMINATION STAR (fireworks) — (Also mag star) — 
A firework star made from a composition containing 
magnesium, magnalium or aluminum as a fuel, for- 
mulated to burn especially brightly so that it may vis- 
ibly illuminate the ground beneath it. Although illu- 
mination stars typically contain an excess of metal 
fuel, the metal fuel particles are usually deliberately 
chosen to be sufficiently fine to burn completely in the 
flame. Such stars do not leave significant spark trails. 
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Some example formulations for illumination stars are 
presented below (Lancaster, 2006 and 1998). Formu- 
lations 1 and 2 are for white and yellow illuminations. 
Formulation 3 is intended to produce illumination 
star cores (the innermost composition in a color- 
changing star). 


Formulation —| Parts by Weight 
Ingredient | 


Illumination stars may display most colors but at- 
tempts at producing blue illumination stars usually 
result in a light (i.e., pale) blue rather than a reasonably 
high-purity blue (see color measurement (color puri- 
ty)). In part, this is because the molecular color emitter 
for blue flame color (i.e., copper monochloride) de- 
composes at the elevated temperatures produced by 
compositions containing appreciable amounts of active 
metal fuels. In contrast to the situation in red and 
green flames, in which the molecular color emitters 
(SrCl’ and BaClI’ respectively) are similarly unstable, 
there is no population of gaseous dichloride molecules 
to maintain the population of monochloride molecules. 
Unlike SrCl. and BaCl2, which are the dominant Sr or 
Ba species in red and green illuminating flames, CuCl2 
does not exist in pyrotechnic flames. Furthermore, the 
human eye is relatively insensitive to blue light. Con- 
sequently, any blue light emitted by a high-temperature 
flame is more readily lost in the white light also emit- 
ted by the flame than is green light, or red light. 


IM — Abbreviation for the insensitive munitions. 


IME — Abbreviation for the Institute of Makers of Ex- 
plosives in the US. 


IME FUME CLASSIFICATION — See fume class, high 
explosive. 


IME No. 8 TEST DETONATOR — See detonator (test 
detonator, No. 8). 
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IMMEDIATELY DANGEROUS TO LIFE AND HEALTH 
— (Abbreviated IDLH) — A concentration of airborne 
contaminants, normally expressed in parts per million 
(ppm) or milligrams per cubic meter (mg/m*), which 
represents the maximum level from which one could 
escape within 30 minutes without suffering any es- 
cape-impairing symptoms or irreversible health ef- 
fects. In the US, this level is established by the National 
Institute of Occupational Safety and Health (NIOSH). 


IMMISCIBLE — A characteristic of two liquids that are 
incapable of being uniformly mixed in any proportion. 
An example of two such liquids is oil and water. 
Emulsions are produced as the result of high speed 
and forceful blending of immiscible liquids. Emulsions 
are the basis for producing hand creams, mayonnaise 
and a class of high explosives. 


When two liquids are capable of mixing in any pro- 
portion, such as ethanol and water, they are described 
as being miscible. 


IMPACT-ACTUATED EXPLODING FIREWORK -— See 
torpedo, firework. 


IMPACT AREA (fireworks) — See fallout area. 


IMPACT AREA (rocketry) — The area or location of the 
impact of a rocket that did not successfully deploy a 
recovery device. 


IMPACT FIRECRACKER - See torpedo, firework. 


IMPACT NOISE — See sound pressure level measure- 
ment. 


IMPACT SENSITIVENESS -— See ignition sensitiveness. 


IMPACT SENSITIVENESS TEST — Any test conducted 
to determine the sensitiveness of pyrotechnic compo- 
sitions and explosives to accidental ignition by me- 
chanical impact. Such information is critically im- 
portant for the safe manufacturing and handling of 
these materials and is obtained by using one of the 
instruments discussed below and applying one of the 
sensitiveness test protocols. 


BAM impact sensitiveness test — One of several 
UN test protocols specified for evaluating the suscep- 
tibility of an explosive to ignition or initiation as a re- 
sult of mechanical energy received in the form of im- 
pact (as described in “Recommendations on the Trans- 
port of Dangerous Goods, Manual on Tests and Crite- 
ria”). The test and apparatus were developed in Ger- 
many by the Bundesanstalt fiir Materialforschung und 
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Materialpriifung (Federal Institute for Material Re- 
search and Testing). The apparatus is shown below. 


Photo Credit: Health and Safety Lab, UK 


For the test, a 40-mm? sample is placed between two 
steel cylinders (i.e., anvils) and confined by a steel 
collar (i.e., a die set). These individual and assembled 
components are shown below. 


Photo Credit: Health and Safety Lab, UK 


This assembly is positioned between a sliding steel 
drop weight (described as a drop hammer or fall ham- 
mer) anda large steel block. The drop weight is raised 
to a specified height, and then allowed to fall onto the 
assembly, delivering the impact energy to the sample 
contained between the two cylinders. The impact is 
observed to detect whether a reaction occurred. Indi- 
cations of a reaction are the production of sparks, 
flame, smoke or an odor. The combination of different 
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drop weights (i.e., masses) and heights can deliver 
impact energies that range from | to 50 joules. 


In one test protocol, the limiting impact energy is de- 
termined; this is the minimum energy at which at least 
one ignition occurs in a series of six trials, while at the 
next lower impact energy, no ignitions occur in six 
trials. See sensitiveness test protocol (1-in-6 method). 


Bureau of Mines test — (Abbreviated BoM test) — 
AUS Bureau of Mines test to determine of the impact 
sensitiveness of an explosive. A small sample of the 
explosive is placed between two hardened-steel plates 
and a weight is dropped upon the upper plate. The 
figure (i.e., numerical value), representing the lowest 
height in centimeters at which at least one of ten trials 
results in explosion, is described as the sensitiveness 
index. The highest drop used in the testing is 1000 mm, 
so the sensitiveness index may be given as 1000+, 
meaning that no explosion resulted at 1000 mm. 


fall hammer test — (Also drop-hammer test) — An 
impact sensitiveness test involving the dropping of a 
mass under the force of gravity onto a sample of the 
material being tested. This description is also com- 
monly used for test equipment other than that used in 
the BAM, BoM or Rotter tests. 


figure of insensitiveness — (Abbreviated F of I) — 
A number indicating a particular explosive’s compar- 
ative insensitiveness to mechanical impact as deter- 
mined in the Rotter test (see below). The higher the 
figure of insensitiveness, the less sensitive the explo- 
sive is to initiation by impact. 


Rotter test — An impact sensitiveness test using 
equipment and a test protocol developed in the UK. It 
is similar to the BAM and BoM impact tests in both 
procedure and equipment. 


IMPACT SOUND - See sound pressure level measure- 
ment. 


IMPACT TEST — See impact sensitiveness test. 


IMPALPABLE (adjective) — Unable to be felt with the 
sense of touch. For powdered substances, it describes 
the condition in which the individual particles are so 
small as to be indistinguishable when rubbed between 
one’s fingers. For most powder, this occurs when the 
particles have been reduced to a size finer than ap- 
proximately 150 mesh (depending on particle shape). 
Talcum powder and baby powder are examples of 
impalpable powders. 
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IMPEDANCE — The total opposition to electrical current 
flow (resistance plus reactance). 


IMPERIAL SYSTEM OF MEASUREMENT -— See uwnit, 
English and foot-pound-second system. 


IMPETUS — A measure of the PV-work i.e., (pressure x 
volume work) that a pyrotechnic composition can 
perform. In the US, the units of impetus are foot- 
poundyorce per poundmass (ft-lbf / Ibm). Impetus (/) is 
determined by measuring the maximum pressure (Pm) 
produced by a known mass of composition (MM) re- 
acting in a closed vessel of known volume (V). Burn 
time must be minimal in an internally insulated vessel 
to get maximum pressure with minimal heat loss to the 
vessel walls (i.e., near adiabatic conditions are needed): 


Pov 
M 


c 


{= 


It is common, in the US, to use units of pounds per 
square inch (psi) for pressure, cubic centimeters for 
chamber volume and grams for composition mass. In 
that case, a conversion factor of 2.31 is needed to 
convert the results to ft-lbf / lbm. Some typical impe- 
tus values are presented below. 


Impetus 
COmpostion (ft-Ib¢ / on) 


~ 490.000 


piiekeless powders 


IMPINGEMENT NOZZLE — A type of spray nozzle useful 
in producing mechanical fog effects using only water. 
Two types of impingement nozzles are illustrated be- 
low. 


The version on the left operates by directing a highly 
pressurized jet of water (not shown), coming from the 
end of the curved tube, onto a protrusion (shown in 
red) on the impingement surface. The protrusion di- 
vides the jet of water into a circular shower directed 
at the impingement surface. The forceful collision of 
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the water on the impingement surface further divides 
the water droplets into still smaller droplets, which 
are now directed away from the impingement surface 
downward. In the process, an aerosol can be created 
with a high percentage of droplets less than 50 um in 
diameter. 


The version of impingement nozzle on the right oper- 
ates by having a pair of pressurized jets of water collide 
with each other to produce an aerosol of water droplets. 


IMPLOSION — The opposite of explosion, where an 
implosion is the sudden inward collapse or disruption 
of an object by external pressure. An example of an 
implosion is the inward crushing or violent compres- 
sion of a submarine by the surrounding water pressure 
when the submarine dives to too great a depth. 


The term implosion is commonly used (somewhat in- 
correctly) to describe the inward and downwards col- 
lapse of a building during a controlled demolition with 
explosive charges. 


IMPREGNATED MATCH — See match, impregnated. 


IMPROVISED EXPLOSIVE DEVICE — (Abbreviated 
IED) — An exploding contrivance, typically intended 
for, or capable of, the destruction of human life and 
property, and made from materials that are somewhat 
readily obtainable. Motivations for making such de- 
vices range from intention to use them against foreign 
military forces occupying one’s country, through in- 
tended use in terrorist acts in support of some fanati- 
cally held religious or political belief, to misguided 
pleasure in ‘blowing stuff up’. These motivations may 
well overlap, depending on the circumstances and in- 
dividuals involved. 


An IED is typically made of an improvised explosive 
mixture but could also be made from combinations of 
commercially available compressed gases. The tech- 
nology involved in making an IED is relatively trivial 
and obvious. 


IMPROVISED EXPLOSIVE MIXTURE — An explosive 
composition, usually compounded for criminal pur- 
poses, which is made from chemical substances that 
are obtainable from sources such as stores, laboratory 
suppliers and industrial premises. The individual sub- 
stances used to make the explosive mixture typically 
have common uses not related to explosives. An ex- 
ample improvised explosive mixture is handmade 
Black Powder that consists of a combination of finely 
ground fertilizer (potassium nitrate), charcoal bri- 
quettes (charcoal)and agricultural soil acidifier (sulfur). 
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In some jurisdictions, severe restrictions have been 
placed on the availability of such materials, with the 
unintended consequence of seriously inconveniencing 
those who wish to use the materials for legitimate or 
harmless purposes. Such restrictions are relatively in- 
effective against determined makers of explosives for 
criminal applications. 


IMPULSE — Mathematically, impulse (/) is the integral 


of force (F) over time (f): 
T=|F ade 


or for a constant force: 
Il=F-t 


Impulse equals the change in momentum over that 
same time. Impulse is an important concept in rocket 
design, explosion blast effects and firework mortar 
recoil. Common units of impulse are newton second 
(N -s) or pound force second (lbf- s) with: 


1N-s =0.225 Ib, -s 


air-blast impulse — (Also positive impulse) — The 
air impulse generated as a result of an explosion. Blast 
impulse (/;) is the integral of the blast force (Fy) pro- 
duced times time (), with units of newton seconds: 


1,=|F, dt 


Often, only the area under the positive phase of a blast 
pressure profile (i.e., a graph of pressure as a function 
of time) is referred to as the impulse. (See blast wave, 
air for an illustration of a blast pressure curve.) Pres- 
sure is force per unit area, so air-blast impulse deter- 
mined in this manner is actually the impulse per unit 
area (i.e., it has units of newton seconds per square 
meter). (See blast pressure, air and peak overpressure.) 


relative impulse — A measure of the efficiency of a 
rocket engine, similar to specific impulse. It is defined 
as the total impulse divided by the mass of propellant. 
The velocity with which the reaction mass leaves the 
nozzle of the rocket is a good measure of its efficiency. 


specific impulse (rocketry) — (Symbol: Isp or I,p) — 
Specific impulse is a measure of the efficiency of a 
propellant or a measure of how much thrust a unit 
weight of propellant will deliver. Basically, higher 
specific impulse translates to better performance. 


For a liquid-propellant rocket, specific impulse can 
be computed by dividing the delivered thrust by the 
weight flow rate of the propellant. For a solid- 
propellant rocket, weight flow rate is difficult to es- 
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timate. Accordingly, only the mean (1.e., average) 
specific impulse is normally computed. This is ac- 
complished by dividing the total impulse by the total 
weight of the propellant. In either case, the units of 
specific impulse are seconds. In English units, this is 
pounds of thrust divided by pounds per second of 
propellant. In SI units, this is newtons of thrust divided 
by newtons per second of propellant, where the mass 
of the propellant is converted to weight by multiplying 
by the acceleration due to gravity. 


Because thrust is a momentum transfer process from 
the exhausted gases, the velocity and mass of the ex- 
hausted species is important. In a vacuum, with a per- 
fectly expanded nozzle, the specific impulse is directly 
proportional to the square root of the temperature of 
the exhausted gas and inversely proportional to the 
square root of its molecular mass. For a given set of 
combustion products, temperature is proportional to 
the enthalpy of combustion. 


Condensed phase (i.e., liquid and solid) exhaust 
products do not contribute nearly as much to thrust 
generation as gaseous exhaust products, and hence do 
not contribute nearly as much to the specific impulse. 
For this reason, chemical compositions that produce 
few if any gaseous products are inefficient as rocket 
propellants, even though some might provide high 
combustion temperatures. 


Atmospheric and chamber pressures also influence 
specific impulse. For a given (non-zero) atmospheric 
pressure, higher chamber pressures (with an optimally 
expanded nozzle) produce a higher specific impulse 
than lower chamber pressures. This is the result of 
higher thrust coefficients (i.e., the nozzle’s influence). 


The requirements to obtain the highest specific im- 
pulse are having the highest combustion temperature, 
combustion products with the lowest molecular mass, 
combustion products with the highest heat capacity 
ratio, higher chamber pressures with optimally ex- 
panded nozzles and minimal condensed-phase com- 
bustion products. 


total installed impulse (rocketry) — (Also installed 
total impulse) — The sum of the total impulse of each 
rocket motor that is part of a model rocket or high- 
power rocket. The collection of motors may be clus- 
tered or fired in multiple stages. 


total impulse (rocketry) — A measure of the total 
momentum change imparted to the rocket by its motor. 
Total impulse is determined by integrating the thrust 
profile (i.e., measuring the area under the curve of 
thrust vs. burn time). It can be thought of as the average 
thrust of the rocket motor times the duration of its 
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burn time and is reported with units of newton second 
(N -s) or pound force second ([br-s). 


Amateur rocket motors are classified by the total im- 
pulse they produce. Motor size designations for model 
rocket motors are presented below. 


Total Impulse Motor 
N Designation 


Motor size designations for high-power rocket motors 
are presented below. 


IMPULSE NOISE, IMPULSIVE NOISE, IMPULSE RE- 
SPONSE, IMPULSE SOUND or IMPULSIVE SOUND — 
See sound pressure level measurement. 


IMPULSE, SPECIFIC (rocketry) or IMPULSE, TOTAL 
(rocketry) — See impulse. 


IMSIELET — See Maltese firework term. 


IN. — Abbreviation for inch. A period ‘.’ isnormally used 
to distinguish the abbreviation from the preposition 


me] 


in. 


INCANDESCENCE — The emission of light by a sub- 
stance at high temperature. Bodies that incandesce 
can be described as glowing. In pyrotechnics, sparks 
are examples of incandescing particles. To control (or 
at least to understand) the performance of such 
sparks, it is useful to have some knowledge of incan- 
descence. For more information about perfect and 
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imperfect incandescent emitters, such as pyrotechnic 
sparks, see the black body entry. 


INCENDIARY — A substance or device that is intended 
to cause the ignition of combustible material by the 
generation of intense heat from flame or other reaction 
products. 


INCENDIARY DEVICE or INCENDIARY BOMB — A de- 
vice for use as a weapon that produces intense heat of 
long duration that is intended to start or promote a 
substantial fire. This is accomplished either by the 
production of a persistent flame or hot particles (such 
as the molten metal produced by thermite or other 
Goldschmidt reaction compositions). As such, an in- 
cendiary device may cause severe injury or casualties 
if their combustion products come in contact with the 
human body. 


Incendiary devices have been used in warfare for many 
centuries, with Greek fire being one of the first effec- 
tive weapons of this type. In the earliest times, these 
weapons were sometimes delivered to an enemy’s 
fortification by the simplest of mechanical means, as 
illustrated below (titled ‘fire-car driven by hand’). 


Illustration credit: Abbott, Harper’s Magazine, 1869 


Eventually, with the development of Black Powder and 
mortars, more efficient delivery mechanisms were 
developed, as illustrated below. 


Illustration credit: de Malthe, 1633. 
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Non-pyrotechnic materials used in incendiary devices 
range from white phosphorus and napalm to pyro- 
phoric compounds (i.e., those that spontaneously ignite 
in air). Similarly, a wide range of pyrotechnic materials 
may also be used in these weapons. 


INCENDIARY NOTEBOOK - See Pyrofilm. 


INCENDIARY SPARK TEST — A test of the potential 
for a pyrotechnic or explosive material to be ignited 
by incandescent particles (i.e., incendive sparks) under 
prescribed conditions. 


One test, described as a spark test, is the Princess In- 
cendiary Spark test, which is required as part of the 
UN test series 5. In this test, a 3-gram test sample of 
a granulated explosive is loaded into a small glass 
test tube. The sample is then subjected to the output 
(both sparks and flame) from a length of blasting 
safety fuse in close contact with the top surface of the 
test sample. To pass the test, the explosive must fail 
to ignite in five successive trials. 


INCENDIVE -— (adjective) — Describes a material or ob- 
ject that is capable of causing ignition by thermal 
means. The term is most commonly used in the con- 
text of particles (e.g., sparks) that have enough thermal 
energy (i.e., have a combination of sufficient mass 
and temperature) to cause an ignition of a specific 
substance in a specific form. Various substances have 
differing ignition temperatures, and different forms of 
a given substance require different amounts of thermal 
energy to reach their ignition temperature. Thus, some- 
thing that is incendive for one substance and one 
form may not be incendive for another substance or 
even for the same substance in a different form. 


INCENDIVE SPARK - See spark (particle). 
INCENDIVE SPECIAL EFFECT — See special effect. 
INCENSE MATCH — See match, incense. 


INCENSE, SELF-LIGHTING — A composition, designed 
to burn slowly without flame while producing per- 
fumed or insecticidal smoke, formed into some con- 
venient solid shape and provided with the means for 
its ignition, in much the same manner as a friction 
match. Ifits shape is similar to a matchstick, the device 
may be referred to as an incense match or fumigating 
match, depending on the nature of the smoke produced. 
Other shapes that have been used include coils (provid- 
ing an extended burn time) and small cones. A box of 
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self-lighting incense cones, intended for perfuming 
living-rooms, is shown below. 


These, and similar, incense cones were manufactured 
in Japan in the late 1970s. Each cone was approxi- 
mately 1 inch (25 mm) high and 0.3 inch (8 mm) in 
diameter at the base. In use, a cone was ignited by 
rubbing the red tip against a match striker provided on 
each side of the box. The combustion of the red tip 
ignited the brown composition just below it. This in 
turn ignited the dark green smoke-producing compo- 
sition (appearing dark grey in the photograph), which 
was otherwise somewhat difficult to ignite. The burn- 
ing cone was then placed upright on some non- 
combustible surface (such as a china plate), where it 
smoldered for some time, generating a pleasant odor. 


INCH — (Symbol: " or in.) — An English unit of length. 
This unit is primarily used in the US (especially in non- 
scientific pursuits) and is defined 1/36 of a yard and 
therefore 0.0254 m. A period is normally included in 
the symbol ‘in.’ to differentiate it from the preposition 


‘ ° 


in. 


Multiply ® By To Obtain 
0.0254 meter 

ee OL 
0.0833 foot 

pee 0.0278 | yard 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


INCLINOMETER -— (Also angle finder or clinometer) — 
A device used to measure an angle in reference to 
vertical, as established by the force of gravity. An ex- 
ample of an inclinometer is shown below. 
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In fireworks: For arrays of ground and low-level aerial 
devices, such as fronts, the individual devices need to 
be set at the proper angle to produce the desired sym- 
metry when the devices are fired. More importantly, 
when aerial shells are to be fired from mortars that 
are angled off vertical, it is often necessary to know 
their angle, so that appropriate spectator safety dis- 
tances can be established. 


Some mortars that were thought to be set exactly ver- 
tical, as determined by eye, were found with the use 
of an inclinometer to be tilted nearly 3° toward spec- 
tators (see below), which is not allowed in the US. 


It is common for mortars thought to have been posi- 
tioned vertically, to actually have a tilt angle of as 
much as 5°. For 3 and 6-inch aerial shells, an error of 
only 5° will result in a shift of the average point of 
fall of typical dud shells by approximately 100 and 
200 feet, respectively. 


In rocketry: An inclinometer can be used to gauge the 
peak altitude of amateur rockets. An example of a 
very simple and inexpensive instrument made for this 
purpose is shown below. (A discussion of how this 
can be used is provided in the entry angle of elevation.) 


Re 


INCOMPATIBLE MATERIAL — Material that, when 
mixed or in contact, produces or is likely to produce 
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unacceptable results. Often the unacceptable results 
are compositions with a serious potential to sponta- 
neously or accidentally ignite (or explode). (See haz- 
ardous chemical combination.) Sometimes the unac- 
ceptable result may not be safety related but may 
simply produce seriously adverse performance. 


An example of incompatible materials with a serious 
potential to ignite spontaneously is a pyrotechnic 
composition that combines ammonium perchlorate 
and potassium chlorate. In the presence of moisture, a 
double-decomposition chemical reaction (see chemi- 
cal reaction type) can occur and produce the sponta- 
neously explosive ammonium chlorate. 


An example of incompatible materials with a serious 
potential for accidental ignition is a mixture of potas- 
sium chlorate and red phosphorus, which is extremely 
sensitive to accidental ignition because of its extreme 
friction and impact sensitiveness. 


An example of incompatible materials with a serious 
potential for adverse performance is a mixture of 
ammonium perchlorate and potassium nitrate. In the 
presence of moisture, a double-decomposition chemi- 
cal reaction can occur to produce the substantially 
hygroscopic ammonium nitrate. When this happens, 
the composition will retain or absorb enough moisture 
to render it difficult or impossible to ignite. 


It must be acknowledged that many combinations of 
materials normally considered to be incompatible have 
been and can be used relatively safely. The necessary 
conditions for this to be true are that there is an ade- 
quate appreciation for the risk in using such materials 
and that the appropriate accommodations are made 
for them. For example, potassium chlorate and red 
phosphorus mentioned are considered to be incom- 
patible because of the extreme sensitiveness of the 
mixture to accidental ignition from even minimal 
friction or impact. Yet, when carefully mixed wet, 
applied in tiny separated amounts, and minimally 
protected, this combination of chemicals is safely in- 
cluded in toy caps, which are used in the many mil- 
lions every year by children. 


INCORPORATION (pyrotechnic) — The process of mix- 
ing ingredients to produce an especially intimate 
physical mixture of chemicals. Such a well incorpo- 
rated mixture has significantly enhanced pyrotechnic 
reactivity compared with a simple mixing of the in- 
gredients. 


Incorporation is commonly accomplished by a reduc- 
tion of particle size plus other means to increase in- 
timate contact between the particles of the mixture. For 
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example, in commercial Black Powder, the ingredients 
are said to have been well incorporated (not just 
mixed) as a result of extensive processing (see Black 
Powder manufacturing). As a result of its incorpora- 
tion, a small, loose pile of commercial Black Powder 
meal may have a mass burn rate over ten times that of 
the same amount of a simple mixture of the same in- 
gredients of the same particle size and in the same 
proportion. 


The process of incorporation may include extreme 
milling (e.g., ball, stamp or jet milling), often in the 
presence of moisture, plus hydraulic compression and 
other procedures. Following the process of incorpora- 
tion, the individual ingredients are often so intimately 
and tightly comingled that it is not possible to sepa- 
rate the individual ingredients by mechanical means. 
Since the ingredients have not been chemically com- 
bined, they can still be separated by physical means, 
such as by selective solvation. For example, the 
chemical components of commercial Black Powder 
can be separated by: 


e Dissolving its potassium nitrate component in water 
and filtering out the remaining charcoal and sulfur. 


e Dissolving the sulfur component in tetrachloro- 
ethene and filtering out the remaining charcoal. 


e The process is completed by evaporating the water 
and tetrachloro-ethene solutions to dryness. 


INCREMENT (noun) — The amount of explosive or py- 
rotechnic composition added during a single step of a 
loading process. For example, cylindrical fountains, 
model rocket motors and long-duration gerbs are 
commonly made by adding a series of relatively small 
amounts of composition (i.e., increments) into their 
casings and forcefully compressing (i.e., compacting) 
the loose composition after each addition. 


When increments are to be solidly compacted, a rule 
of thumb is that the height of a compacted increment 
should not be greater than the inside diameter of the 
tube. The reason for this stems from the fact that the 
density of the compacted material is not constant 
throughout the length of each increment. Rather, the 
density within the increment decreases with distance 
below the rammer used for compaction, as illustrated 
below in cross section. 
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<——— Compacting Force 


|}—— Rammer 


Relatively Highly 
Compacted 


Increment of 
Powder 


Relatively Weakly 
Compacted 


Casing 


The result of varying degrees of compaction within 
an increment is usually a varying of the burn rate of 
the composition. Such variations in burn rate are ap- 
parent in the thrust profile of the firework Black 
Powder rocket motor, presented below. 


Thrust 


Time 
Illustration credit: Tom Dimock 


This thrust profile shows the regularly fluctuating var- 
jations in thrust during the burning of this motor. When 
the increments of powder are made thicker, the varia- 
tions in performance become greater, with increas- 
ingly unsatisfactory, and perhaps catastrophic, results. 


INDEPENDENT VARIABLE — See variable (mathemat- 
ics). 


INDIAN BLACKHEAD ALUMINUM — See aluminum, 
Indian blackhead. 


INDIAN FIRE — A mixture of potassium nitrate, sulfur 
and arsenic(II) sulfide [As4S,4] that burns with a rela- 
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tively brilliant white flame (see colored-flame chem- 
istry (white flame)). In the 19" and early 20" centuries, 
it was primarily used to illuminate objects (e.g., trees, 
buildings and other scenery) as part of a firework 
display; it is now obsolete. Indian fire was also used 
in early Bengal lights, which were sometimes used as 
hand-held marine signal flares. Formulations for two 
Indian fire compositions are presented below. 


Parts by Weight 


(1) Mellor, 1929. (2) Browne, 1888. 


INDIGO — [Ci6Hi0O2N2] — {CAS 482-89-3} — (Also in- 


digotin, synthetic indigo blue or 2-(1,3-dihydro-3-oxo- 
2H-indol-2-ylidene)-1,2-dihydro-3 H-indol-3-one) 


Indigo is a blue dyestuff, useful as a pyrotechnic smoke 
dye. It was originally obtained from plants but cur- 
rently is produced by organic synthesis. Indigo is dark 
blue or violet in color with a shiny appearance. 


Structural 
formula: 
(see benzene 


ring) 


Characteristic | = Value | a) 


(s) = sublimes. 
a) Code for reference source, see preface. 


Health information: TLV: none established. 


UN hazard classification: not regulated. 
INDIRECT STAGING — See rocket, multistage. 


INDOOR FIREWORKS - Fireworks suitable for use in- 
side domestic buildings. Indoor fireworks include 
items such as sparklers and small torpedoes. Indoor 
fireworks is also one of four firework classifications 
used in the UK for shop goods (i.e., consumer fire- 
works). See parlor fireworks. 
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The term is also sometimes incorrectly used in the US 
to refer to proximate audience pyrotechnics, but there 
are substantial differences in the performance and re- 
liability (and the resulting cost) of small fireworks and 
proximate audience pyrotechnics. In general, small 
fireworks are much less reliable and typically pro- 
duce copious amounts of smoke, making them inap- 
propriate for use in a performance before a proximate 
audience. 


INDOOR MAGAZINE — See magazine type (US). 
INDUCED DRAG - See drag force. 


INDUCTION PERIOD and INDUCTION TIME — See ig- 
nition time. 


INERT — Not chemically reactive under specified con- 
ditions. For a device, it also means that it contains no 
pyrotechnic or explosive material. 


INERT DUST — See dust (nuisance dust). 


INERT GAS — A nonflammable, nonreactive gas that 
renders the combustible material in a system incapable 
of combustion. An inert gas may be used in blanketing 
fuel tanks such as in aircraft and rockets. 


The term ‘inert gas’ once referred to any of the gases: 
helium, neon, argon, krypton, xenon and radon, now 
described as the noble gases. 


INERTIA — (Symbol I) — That property of matter de- 
scribed in Newton’s first law of motion that objects at 
rest (1.e., motionless) tend to remain at rest and ob- 
jects in motion tend to remain in motion with a con- 
stant velocity, unless acted upon by an external force. 


INERTIAL CONFINEMENT -— (Also self-confinement) 
— The partial confinement provided by the mass of a 
material resting upon itself. When an adequate quantity 
of pyrotechnic composition is present in one place, the 
mass of the composition and its reaction products up- 
on ignition can act collectively to provide a level of 
confinement of the composition. This is illustrated 
below in cross section, where the solid and gaseous 
reaction products are indicated as the covering red 
band. 


Reaction 
Products 


Pile of 
Pyrotechnic 
Composition 
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As the result of inertial confinement, the burn rate 
can be greatly accelerated because of a pyrotechnic 
burn_type transition from parallel to propagative 
burning. When this occurs, the burn rate will be 
greatly increased, and the burning may transition to 
an explosion. The amount ofa low explosive necessary 
for a transition from burning to an explosion (i.e., 
deflagration) is described as its critical mass. 


As an example of inertial confinement, consider a 
firework flash powder ignited in a conical pile entirely 
in the open. When a small mass of the powder is ig- 
nited, it will simply burn quickly. Depending on the 
exact nature of the flash powder, this typically in- 
cludes quantities of powder from 4 to 1 ounce (7 to 28 
grams). A larger amount of flash powder will power- 
fully deflagrate and in some respects, the explosion 
may rival that of a detonation. Similarly, a sufficiently 
large quantity of colored stars, in the range of 50 to 
100 pounds (22 to 45 kg) depending on their size and 
composition, if ignited in a pile, may not simply burn 
but rather may explode (i.e., deflagrate). 


Inertial confinement is not an immediately intuitive 
phenomenon and many seemingly experienced pyro- 
technists are surprised (and sometimes injured) when 
it is unexpectedly encountered. 


INERTIAL GUIDANCE — See guidance, inertial. 


INERTING — A technique by which a combustible mix- 
ture is rendered unignitable. 


For a gaseous mixture, this may be accomplished by 
the addition of an inert gas (see blanket) or a non- 
combustible dust. 


For liquid and solid mixtures, this may be accom- 
plished by dilution through the addition of non- 
reacting material. This method works especially well 
if the added material decomposes while absorbing 
thermal energy (i.e., heat) at temperatures below the 
ignition temperature of the pyrotechnic material. For 
example, the addition of less than 20% sodium hy- 
drogen carbonate (i.e., baking soda), which decom- 
poses rapidly at approximately 200 °C, to hand- 
mixed Black Powder (which ignites at approximately 
350 °C) will render the Black Powder unignitable. 
Reportedly, sodium borate (i.e., borax) has a similar 
effect. 


Inerting methods can be critically important in clean- 
ing up spills of highly reactive pyrotechnic material. 


INFLAMMABLE — A term meaning flammable (see 
flammable material). Until quite recently, it was the 
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common (and, some would argue, the correct) English 
word, for describing materials capable of easily 
catching fire. It is derived from the Latin verb ‘in- 
flammare’. meaning ‘to set on fire’, which is in turn 
derived from the Latin word ‘in’, which means the 
same as the English word ‘in’, and ‘flamma’, which 
means ‘flame’. In the 19" century, the word ‘flam- 
mable’ began to be used as a synonym for ‘inflam- 
mable’. This made the earlier word potentially mis- 
leading because the prefix ‘in’ (meaning ‘not’ in oth- 
er contexts, e.g., ineffective, insincere) might lead 
some persons to mistakenly conclude that inflammable 
materials were not flammable. Accordingly, the use of 
‘inflammable’ has long been abandoned in the health 
and safety field and is consequently becoming in- 
creasingly rare (although not yet completely obsolete) 
in common usage. 


INFRARED FLARE — See flare, military. 


INFRARED LIGHT and INFRARED RADIATION — See 
light spectrum. 


INFRARED SPECTROSCOPY — (Also IR spectroscopy) 
— A type of spectroscopy that exposes a sample to in- 
frared light to induce stretching and/or bending vibra- 
tions of the chemical bonds between the atoms of a 
compound. This causes absorption of infrared light 
with frequencies corresponding to the energies of 
these molecular vibrations. Many organic functional 
groups have characteristic IR absorption frequencies, 
which makes this type of spectroscopy very useful in 
identifying the structure of organic compounds, espe- 
cially complex organic compounds. 


An infrared spectrometer includes a source of infra- 
red light, and it provides two beams of equal intensity 
from this source. One of these beams is used as a ref- 
erence; the other is passed though the sample. The in- 
tensities of the two beams are measured electronically, 
and the logarithm of the ratio of the intensity of the 
reference beam to that of the sample beam (1.e., the 
absorbance) is presented as a function of the frequency 


INFUSORIAL EARTH — See diatomaceous earth. 


INGREDIENT (pyrotechnic) — A material used to create 
a pyrotechnic composition. An ingredient usually will 
not itself bea pyrotechnic material, but Black Powder, 
in the form of meal powder, may be listed as an in- 
gredient in some firework compositions. Also, some 
high explosives may be listed as ingredients in some 
compositions (e.g., lead trinitro-resorcinate in some 
small-arms primer compositions.) 


INHABITED BUILDING — See building type. 
INHALABLE DUST — See dust. 


INHIBITED IGNITION — A characteristic exhibited by a 
mass of pyrotechnic composition or propellant that has 
had some portion of its surface treated or covered to 
preclude burning on that surface. (See inhibitor, igni- 
tion.) 


INHIBITED PROPELLANT (rocketry) — A rocket pro- 
pellant grain that has had a portion of the surface 
treated to prevent its burning. The use of an inhibitor 
provides the rocket motor designer another tool to 
control the burning surface area of a propellant grain 
and the thrust profile produced by the motor. 


INHIBITOR, CHEMICAL — See chemical inhibitor. 


INHIBITOR, IGNITION — (Also ignition deterrent) — A 
coating used to preclude the surface burning of a py- 
rotechnic composition. 


In rocketry: For a burn-rate measurement of a propel- 
lant, the sides of a propellant strand used in a strand 
burner are typically coated with an ignition inhibitor 
to restrict its burning to the end of the strand. Typical 
inhibitors are polymerizing liquids (similar to paint). 


In fireworks: A common inhibitor is the use of glued 
paper, such as used to wrap the exterior of a crossette 
comet. 


of the infrared light, producing the infrared absorption 


INITIAL VELOCITY — See muzzle velocity. 
spectrum of the sample. 


INITIATING EXPLOSIVE — See high explosive. 

INFRARED SPECTRUM -— See light spectrum. 

INITIATION (high explosive) — The process of causing 
a high explosive to detonate by means of an external 
stimulus, such as that produced by a detonator. The 
term ‘initiation’ is sometimes extended to include the 
causing of the burning or deflagration of an explosive, 
but that use is contrary to the UN terminology. (Con- 
trast with ignition (pyrotechnic).) 


INFRASONIC — Sound with a frequency less than the 
range of human hearing, which typically consists of 
frequencies less than 20 Hz. If the intensity is great 
enough, these sounds may be felt as a sensory stimulus 
(i.e., pressure vibrations). 
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INITIATOR — A device for the initiation of high explo- 
sives (e.g., a detonator). Commonly, initiators are 
primary high explosives that are normally very sensi- 
tive to thermal and mechanical stimuli. Typical ex- 
amples of initiating explosives are lead azide, lead 
trinitro-resorcinate and diazo-dintro-phenol. 


Initiator is sometimes (incorrectly) used to describe 
an igniter that is used to cause the burning of a pyro- 
technic composition or other explosive. 


INJECTOR (rocketry) — A showerhead-like device that 
sprays fuel and oxidizer into the combustion chamber 
of a liquid propellant rocket. 


IN-MORTAR EXPLOSION (fireworks) — See mortar 
burst (fireworks). 


INNER PRODUCT -— See scalar product. 
IN ORBIT (rocketry) — See missing in flight. 


INORGANIC — Refers to chemicals and processes not 
involving carbon (except for elemental carbon, car- 
bonates, cyanides, carbon oxides and certain other 
compounds). Common pyrotechnic oxidizers, metal 
fuels and many other pyrotechnic ingredients are in- 
organic chemicals. 


INORGANIC CHEMICAL NAME — See chemical name, 
inorganic. 


INPUT TEST — A sensitiveness test wherein an explosive 
or pyrotechnic device is subjected to a prescribed firing 
stimulus to determine if it performs as intended. 


INSECTICIDAL MATCH — See match, insecticidal. 
INSECTICIDAL SMOKE — See smoke, insecticidal. 


INSECTICIDAL SMOKE ROD — See smoke rod, insec- 
ticidal. 


INSENSITIVE MUNITION — See munition, insensitive. 


INSERT (fireworks) — (Also component or pyrotechnic 
component) — Any of a large collection of small py- 
rotechnic devices used in aerial shells, mines and 
Roman candles to produce various effects. Firework 
stars are not considered to be inserts. The range of 
components includes items such as small star shells 
(bombettes, shown upper left below), whistles (upper 
right), tourbillions (lower left) and hummers (lower 
right); also (not shown) serpents, small salutes (i.e., 
shots) and French splits. 
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Typically, an insert is individually encased and fused 
(or has an exposed ignition surface), is ignited upon 
the bursting of the aerial shell (or mine), is dispersed 
and performs individually. 


An aerial shell containing inserts is illustrated farther 
below in cross section. In this case, the inserts are a 
combination of small star shells and salutes. Such 
shells may be described as component or insert 
shells. If the aerial shell has inserts that are exclusively 
star shells, it will typically be described as a shell-of- 
shells. If the components are exclusively salutes, it will 
typically be described as an artillery shell. 


The term insert is also used to refer to pre-made devices 
that are used to assemble consumer fireworks. For 
example, a consumer firework manufacturer might 
produce an aerial shell device by loading a small 
Chinese-manufactured shell without a label (i.e., the 
insert) into a mortar (i.e., a cardboard tube with a 
base) with a brightly colored label, after having added 
lift charge and a fuse for ignition (e.g., visco fuse). 
Also, a fancy-appearing fountain may be assembled 
by simply placing a plain-wrapped fountain (i.e., the 
insert) into a somewhat larger casing that is brightly 
labeled. Similar practices may be followed for the as- 
sembly of some display firework devices. For example, 
the bombettes (i.e., the inserts) used in a display Roman 
candle may simply be small aerial shells, originally 
manufactured as consumer fireworks, but without 
their lift charge. 
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INSERT SHELL (fireworks) — (Also component shell) 
— An aerial shell that contains several relatively small 
individual devices (i.e., inserts) of one or more types. 
The inserts are ignited when the shell breaks, and 
then they move freely to perform their display. In ad- 
dition to the insert devices, the shell may also contain 
stars that make an immediate appearance upon the 
explosion of the shell. 


The insert devices (e.g., whistles, tourbillions, fish 
and hummers) may be made to perform just as the 
shell bursts, or the insert devices (e.g., salutes and 
small star shells) may have a time fuse that results in 
their delayed performance. The small salute inserts 
may be described as saettenes, shots or reports, and 
they can be of various construction types. A cross 
sectional model of an unfinished insert shell (A) con- 
taining internal small salutes (B) is shown below in 
cross section. 
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Also shown are the salute powder (C, typically flash 
powder), the shell’s central burst charge (D), the time 
fuses (E) with their cross matching (F, color adjusted 
for clarity) and priming (G). 


Small star shells used as inserts may be described as 
pupadellas, bombettes or small flowers. Inserts can be 
provided with accurately cut time fuse to achieve the 
precise timing necessary for some unique, and some- 
times spectacular, effects (e.g., a rondelle shell). 


IN SITU — (A Latin phrase meaning in position; as a 
foreign term, it is almost always italicized) — A term 
used in research and development, describing the 
testing of components placed together as they will be 
placed in the final assembly of the system. This is 
particularly important for all pyrotechnic designs, 
where correctly functioning individual explosive com- 
ponents may not work as anticipated when assembled 
in situ in the final device. 


INSOLUBLE NITROCELLULOSE — See nitrocellulose. 


INSTABILITY, COMBUSTION-— See rocket motor com- 
bustion instability. 


INSTABILITY, L STAR — (Symbol: L*) — A type of 
acoustic combustion instability of a rocket motor that 
depends on the burning characteristics of the propellant 
and the linear dimensions of the combustion chamber. 
The frequency range of L* instability is typically lim- 
ited to frequencies lower than 100 Hz. (See T burner.) 


INSTABILITY, T STAR — (Symbol: T*) — A type of 
combustion instability that occurs when a nitropoly- 
mer-propellant burns in a rocket motor at low pres- 
sures. It is the result of a decrease in gas temperature 
due to incomplete combustion of the propellant and 
an increase in the mass discharge rate of the exhaust 
nozzle. This produces imbalances between gas gener- 
ation and mass discharge rates. 
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INSTALLED TOTAL IMPULSE — See impulse (total in- 
stalled impulse). 


INSTANTANEOUS DETONATOR — See detonator. 


INSTANTANEOUS FUSE — A term loosely (and inaccu- 
rately) applied to a fuse that propagates or actuates at an 
especially high speed. The term ‘instantaneous fuse’ 
has been used to describe a wide range of fuses depend- 
ing on the specific area of application, such as blasting, 
fireworks, military applications and special effects. 


instantaneous fuse (blasting) — Both detonating 
cord and shock tube are often referred to as instanta- 
neous fuse, as they propagate extremely fast by means 
of a shock wave as opposed to pyrotechnic burning. 
Historically, the name was first applied to a robust 
version of quick match. In 1855 the Bickford Com- 
pany’s French subsidiary developed an extremely 
fast-burning fuse for use by the French military. This 
fuse was soon also applied in commercial blasting. It 
was a spun fuse containing a core of three thin, parallel 
strands of well-dried black match. The black match 
was purpose-made from white cotton threads that had 
been soaked in methylated spirits before being coated 
with a suspension of mealed Black Powder in a 5% 
aqueous solution of gum tragacanth. This special 
black match was then covered with a wrap of strong 
paper, jute and cotton threads (of various number and 
size), bitumen varnish, Gutta-percha (for waterproof- 
ing) with a final wrap of tape as its outer covering. 
The inner powder core (i.e., strands of black match) 
was permeable enough (i.e., it provided fire paths) to 
support propagative burning (see burn type, pyro- 
technic) within the outer covering, the latter being 
sufficiently strong to allow high internal pressure to 
be sustained. When ignited, this fuse was said to have 
flashed off with a loud bang as its fire front advanced 
a rate of as much as 500 feet per second (150 m/s). 


This fuse was approximately 0.25 inch (6 mm) in di- 
ameter and similar in appearance to slow-burning 
blasting safety fuse. It was colored bright red in an at- 
tempt to avoid confusion with blasting safety fuse. 
This new type of fuse, simply described as ‘Instanta- 
neous Fuze’, was produced as late as the mid-20" 
century. 


In 1857 American engineers Edwin Gomez (1829- 
1897) and William E. Mills (1825-1914) patented a 
similar type of fuse in which the central core consisted 
of a paper strip coated with a mixture of equal parts 
potassium chlorate and lead(II) hexacyanoferrate(II), 
applied as a paint-like suspension in alcohol. The coat- 
ed paper strip was encased in a winding of fibrous 
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material or tape, which was then preferably treated 
with shellac or other varnish to resist moisture. The 
resulting fuse was variously called instantaneous 
fuse, lightning fuse or Gomez fuse. In some refer- 
ences, the last name has been corrupted to ‘Gomes’. 


instantaneous fuse (fireworks) — Some relatively 
fast-burning fuses (e.g., quick match and vis-quick 
fuse) may sometimes be referred to as instantaneous 
fuse, because they burn very much faster than other 
types of fuse used in fireworks. Other examples are 
the fast-burning spun fuse closely resembling time fuse 
(i.e., spun shell leader), occasionally used as a quick 
match substitute on some Chinese aerial display shells, 
and the shock tube sometimes used in firework dis- 
plays (e.g., No Match™ and Lightning Thermal 
Tube™), 


instantaneous fuse (military) — As in blasting ap- 
plications, both detonating cord and shock tube are 
often referred to as instantaneous fuse, as they propa- 
gate extremely fast by means of a shock wave as op- 
posed to pyrotechnic burning. 


A modern version of the Bickford-style ‘Instantaneous 
Fuze’ (described above) continues to be produced, 
using modern materials. The fuse (designated as L1A1 
Instantaneous Fuze) has as its powder core, kraft paper 
twisted yarns lightly coated (at a rate of 1 g/m) with a 
composition composed of sulfurless Black Powder 
bound with nitrocellulose. These powder-coated paper 
yarns are wound with yarn and protected by a poly- 
ethylene covering. The fuse is 5.2 mm (0.22 in.) in 
diameter and burns at a rate not less than 33.5 m/s 
(110 ft/s). 


The term ‘instantaneous fuse’ has also been used to 
refer to mechanical devices (more commonly de- 
scribed as fuzes) used on high explosive artillery 
shells and bombs. In such devices, there is no added 
delay between when first initiated (such as from im- 
pact) and when the explosion of the device occurs. 


instantaneous fuse (special effect) — Any of the in- 
stantaneous fuse types described above for use in 
fireworks and blasting may be used in special effects. 


INSTANTANEOUS LIGHT BOX — See match, historical 


(Chancel match). 


INSTITUTE OF MAKERS OF EXPLOSIVES — (Ab- 


breviated IME) — A North American trade association 
of explosive manufacturers concerned with safety in 
the manufacture, transportation, storage, handling and 
use of explosives. The IME publishes a series of 
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blasting safety guides for the use of explosives. For 
more information, visit their web site: www.ime.org 


INSULATION — Material used to provide a barrier to 
some type of energy flow, for example, thermal and 
electrical energy. 


In rocketry: Insulation is used to protect the rocket 
motor casing from thermal damage during the burning 
of the propellant grain. This is accomplished by cov- 
ering the interior surface of the rocket combustion 
chamber with insulating material. In reloadable model 
rocket motors, this insulation may simply be a thick 
paper lining. 


In electronics: Insulation is used to coat wire to pro- 
tect it against the unintended passage of electrical 
current, such as occurs in a short circuit. Electrical 
insulation has varied throughout history from natural 
fibers and cloth to rubber to gutta percha to a wide 
variety of plastics. 


INTEGRAL MORTAR — The outer casing (i.e., mortar) 
of an aerial pyrotechnic device that is supplied com- 
plete and ready to fire, as opposed needing to load a 
device into a separate mortar before firing it. 


In_proximate_ audience pyrotech- 
nics: An integral mortar is the out- 


er casing of a preload, such as for 
a comet or mine, that acts to con- 
fine its burning lift charge and thus 
cause its contents to be propelled 
into the air when fired. Essentially 
all proximate audience aerial de- 
vices are preloads with an integral 
mortar. An example of a mine 
preload is shown at the right: 


Crean & Purple 


Yu 
iZ 
i 

& 
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In this case, A is the electric match 
leg wires (match tip is not visible), 
B is the plug closing the bottom 
of the integral mortar (F), C is a 
small propelling charge of Black 
Powder, which is separated from 
the collection of cylindrical, low- 
smoke mine stars (D) by a flash paper separator (not 
labeled), and E is a paper end plug that holds the con- 
tents in place. 


In consumer fireworks: Except for reloadable aerial 
shells, aerial consumer fireworks (e.g., shells, comets 
and mines) have integral mortars. A consumer- 
firework, single-shot mine with its integral mortar is 
illustrated below in cross section. 
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Integral 
Mortar 


Top Disk 


Stars 


Bottom Disk 
Fuse —— 


Lift Charge 


Multiple-tube devices, often described as cakes or 
multi-shots, have an integral mortar for each item that 
is fired. 


INTEGRAL ROCKET BOOSTER — See rocket type by 
function. 


INTENSIVE: PROPERTY, QUANTITY or VARIABLE — 
See variable (mathematics). 


INTERFERENCE DRAG - See drag force. 


INTERIOR BALLISTICS — See ballistics and aerial 
shell internal ballistics. 


INTERLINE DISTANCE — The regulatory minimum 
distance between any two unrelated buildings or sites, 
at least one of which contains contain pyrotechnic or 
explosive material. 


INTERMEDIARY (explosive) — Occasionally used to de- 
scribe an explosive with a sensitiveness (to initiation 
by impact or shock wave) intermediate between that of 
primary and secondary high explosives. The term is 
falling into disuse because such explosives (e.g., Tetryl 
and PETN) are now classed as secondary explosives. 


INTERMITTENT COMET - See comet type (ascending 
comet). 


INTERNAL BALLISTICS — See ballistics and aerial 
shell internal ballistics. 


INTERNAL DIAMETER — (Abbre- 
viated ID) — The diameter meas- 
ured across the inside of a tube or 
hollow sphere as illustrated at the 


right in cross section. Wall 
Thickness 


INTERNAL ENERGY — (Symbol: U) 
— The total of all forms of energy in a chemical sys- 
tem. (See free energy.) 
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INTERNAL IGNITION TEST — See explosive output test. 
INTERNALLY-BURNING FUSE -— See fuse type. 


INTERNALLY-BURNING ROCKET MOTOR — See 
rocket motor, core-burning. 


INTERNAL MORTAR PRESSURE — See mortar pres- 
sure, internal. 


INTERNAL POWER POD - See rocket motor mount. 


INTERNATIONAL AGENCY FOR RESEARCH ON 
CANCER — (Abbreviated IARC) — That part of the 
World Health Organization that coordinates and con- 
ducts research on the causes of human cancer and the 
mechanisms of carcinogenesis; it also develops scien- 
tific strategies for cancer prevention and control. The 
agency is involved in both epidemiological and la- 
boratory research and disseminates scientific infor- 
mation. 


IARC evaluates chemical agents and assigns them to 
one of five categories: 1, Carcinogenic; 2A, Probably 
Carcinogenic; 2B, Possibly Carcinogenic to Humans; 
3, Unclassifiable as to Carcinogenicity; and 4, Proba- 
bly Not Carcinogenic. Since its founding in 1971, 
IARC has evaluated more than 900 chemical agents, 
of which more than 400 have been identified as cate- 
gories | and 2. 


IARC classifications are required to be listed on ma- 
terial safety data sheets (MSDSs). When an MSDS 
indicates that a substance is not listed by IARC, it 
usually means the substance has never been evaluated 
for its cancer potential. This untested status is common 
because there are at least 150,000 chemicals used in 
commerce and less than 1000 chemicals have been 
evaluated worldwide. 


INTERNATIONAL AIR TRANSPORTATION ASSOCI- 
ATION — (Abbreviated IATA) — An international trade 
organization, created about 60 years ago by a group 
of airlines. The organization represents and serves the 
airline industry in general. Its cargo regulations have 
the force of law in many countries. For more infor- 
mation, visit their web site: www.1iata.org. 


INTERNATIONAL CANDLE — See candela. 


INTERNATIONAL COMMISSION ON ILLUMINATION 
— See Commission Internationale de |'Eclairage. 


INTERNATIONAL ORGANIZATION FOR STANDARD- 
IZATION — (Abbreviated ISO) — The world’s largest 
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developer and publisher of International Standards. It 
is a network of the national standards institutes of 
157 countries with a Central Secretariat in Switzer- 
land that coordinates the system. For more infor- 
mation, visit their web site: www.iso.org. 


INTERNATIONAL PRACTICAL TEMPERATURE SCALE 
OF 1968 — Fixed points in thermometry set in 1968 
by the General Conference of Weights and Measures. 


INTERNATIONAL PYROTECHNICS SOCIETY — (Ab- 
breviated IPS) — A society formed in 1980 to promote 
and facilitate the international exchange of infor- 
mation concerning the science and technology of all 
energetic materials including propellants, explosives 
and pyrotechnics in both commercial and military 
applications. The Society sponsors and sanctions sym- 
posia that are normally held bi-annually in the US 
and other locations worldwide. The official journal of 
the IPS is “Propellants, Explosives and Pyrotechnics”. 
For more information, visit their web site: 
www.intpyro.org 


INTERNATIONAL SOCIETY OF EXPLOSIVE ENGI- 
NEERS — (Abbreviated ISEE) — An organization 
formed in 1974 as a professional society dedicated to 
promoting the safety, security and the controlled use 
of explosives. For more information, visit their web 
site: WwW.1see.org 


INTERNATIONAL UNION OF PURE AND APPLIED 
CHEMISTRY — (Abbreviated IUPAC) — An organiza- 
tion that serves to advance the worldwide aspects of 
the chemical sciences. For example, they establish the 
standards for chemical nomenclature. For more in- 
formation, visit their web site: www.iupac.org. 


INTERSECTING RING SHELL — See aerial shell name 
and description (specific). 


INTER-STAGE SECTION — The portion of a rocket be- 
tween stages. In a rocket with indirect staging, it may 
house the ignition system for the next stage. If the 
rocket has a separate recovery device for the previous 
stage, that may be housed in the inter-stage area. 


INTERSTATE COMMERCE COMMISSION (US) — 
(Abbreviated ICC) — The regulatory authority that, 
before the formation of the US Department of Trans- 
portation, set transportation requirements on com- 
modities, including consumer fireworks, described at 
the time as common fireworks and classed as Class C 
explosives. The presence of this designation on fire- 
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cracker packs may help identify the age of collectable 
firecracker packs in the US. 


INTERSTITIAL FLAME SPREAD RATE METHOD — 
See VOP determination, method for (V-block method). 


INTRALINE DISTANCE — The separation distance to be 
maintained between two operating buildings or sites 
within the same operating line, at least one of which 
contains or is designed to contain explosives. 


INVENTORY LIST — See performance plan. 


ION — An electrically-charged atom or molecule. Nor- 
mally, atoms and molecules are electrically neutral; 
therefore, acquiring or losing electrons (i.e., negatively 
charged particles) provides the atom or molecule with 
a net negative or positive charge, respectively. The 
charge is indicated as a superscript at the end of the 
chemical symbol or formula. For example, Ba?’ des- 
ignates a barium ion with two units of positive charge; 
and NO; designates a nitrate molecular ion with one 
negative unit of charge. 


anion — A negative ion, produced as the result of an 
atom or molecule having gained one or more excess 
electrons. The term anion was originally applied to 
negative ions because in electrolysis these particles 
travel to the anode. 


cation — A positive ion, produced as the result of an 
atom or molecule having lost one or more electrons. 
The term cation was originally applied to positive ions 
because in electrolysis these particles travel to the 
cathode. 


complex ion — When the chemical bonds within a 
molecular ion involve the d- or f-orbitals of a transition 
metal (see quantum theory) anda lone pair of electrons 
of a ligand, the molecular ion may be described as a 
complex ion. 


molecular ion —(Also polyatomic ion)— A collection 
of atoms that is bound by covalent bonds, which act as 
a single entity in many chemical reactions and carries 
an electric charge. Some molecular ions found in 
compounds used in pyrotechnics are presented farther 
below. 


IONIC BOND — See chemical bond and quantum theory 
(chemical bonds). 


IONIC COMPOUND - See chemical compound. 
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Molecular lon Chemical Formula 


a) Hydrogen carbonate is also known as bicar- 
bonate. 


IONIC SOLID — An array of oppositely charged ions 
(i.e., anions and cations) held together by electrostat- 
ic forces of attraction. As an 
example, consider sodium 
chloride [NaCl], common ta- 
ble salt, composed of posi- 
tively charged sodium ions 
[Na*] and negatively charged 
chloride ions [CI] as illus- 
trated at the right. 


In such ionic crystals, individual ions of the opposite 
polarity tend to cluster close together, while those ions 
with the same polarity tend to separate one from an- 
other. Accordingly, a 2-dimensional array, sodium 
and chloride ions would be arranged as illustrated be- 
low, with each sodium ion surrounded by chloride ions 
and each chloride ion surrounded by sodium ions. 
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As a 3-dimentional array, the process continues, with 
each type ion being surrounded by oppositely charged 
ions. 


Such an arrangement of ions results in the most stable 
(i.e., lowest energy) configuration for that chemical 
compound. Similarly, other ionic solids have config- 
urations that result in the lowest energy (1.e., greatest 
stability). The pattern may not be as simple as for so- 
dium chloride, because the charges of the ions will 
not always be positive and negative one, and the rela- 
tive size of the ions involved may act as a constraint. 


The highly ordered and repeating internal arrangement 
of ionic solids allows their identification using the 
analytic method of X-ray powder diffractometry. 


ION TEMPERATURE — Sce temperature. 


IPS — Abbreviation for: International Pyrotechnics 
Society and Iron Pipe Standard. 


IR— Abbreviation for infrared. See light spectrum. 
IRDIEDEN — See Maltese firework term. 
IR FLARE — See flare, military (infrared flare). 


IR LIGHT — Abbreviation for infrared light. See light 
spectrum. 


IRON — [Fe] — {CAS 7439-89-6} 


A metallic chemical element, atomic number 26. Iron 
is used to produce pyrotechnic spark effects and oc- 
casionally as a fuel in certain specialized applications 
(e.g., In oxygen candles). The metal is normally en- 
countered as various alloys, especially with carbon. 
Alloys containing around 2% carbon are hard and 
brittle and are described as cast iron. Alloys with 0.7 
to 0.8% carbon are malleable and strong and are de- 
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scribed as steel. Other elements (e.g., chromium, 
nickel and manganese) are often added to produce 
steels having specific properties. Iron is produced 
from the minerals: hematite, limonite, magnetite and 
siderite. As a powder, it is silver-white to gray. 


Characteristic (a) 


(r) = Can react (i.e., rust) with water or moist air. 
a) Code for reference source, see preface. 


Health information: TLV: none established. 
UN hazard classification: not regulated. 


In fireworks: Iron filings (1.e., coarsely powdered iron 
produced by abrasion) are used for producing sparks 
in fountain and gerb compositions. Since iron is easily 
oxidized, it must be coated for protection before use 
(see corrosion passivation). It is also used in sparkler 
compositions. 


The nature of the sparks produced varies, depending 
on the carbon content of the iron. Carbon dissolved in 
molten iron produces branching sparks of burning iron 
particles. When the carbon content is less than 0.2%, 
branching sparks seldom occur. As the carbon content 
increases up to 0.7 to 0.8%, the iron particles produce 
many large sparks. Cast iron (approximately 2% car- 
bon) produces beautiful, branching yellow sparks. 


IRON METAL, SPOT TEST FOR - See spot test (iron 


metal). 


IRON(II,III) OXIDE — [Fe304 or (FeO-Fe203)] — {CAS 


1317-61-9} — (Also hammer scale, black iron oxide, 
triiron tetraoxide, magnetic iron oxide, black rouge or 
ferroso-ferric oxide; the mineral magnetite) 


A high-temperature oxidizer used in some Gold- 
schmidt reactions (e.g., thermite and thermate com- 
positions). Iron(II,II]) oxide (described as hammer 
scale) was an early spark-producing agent, but it is 
long obsolete in that application. Iron(II,II) oxide can 
be obtained from the mineral magnetite or, as hammer 
scale, by the oxidation of iron in air at high tempera- 
tures. It is a black powder or dark gray as flakes. 
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Characteristic 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: Only for iron(II) oxide, TLV: 5 
mg/m? (respirable dust). 


UN hazard classification: not regulated. 


IRON(III) OXIDE —[Fe2O03] — {CAS 1309-37-1} — (Also 
red iron oxide, jeweler’s rouge, red ochre, Venetian 
red or crocus powder; the mineral hematite) 


A high-temperature oxidizer used in some Gold- 
schmidt reactions (e.g., thermite and thermate com- 
positions). It is also used in some glitter compositions 
and as a catalyst, facilitating the decomposition of 
perchlorate oxidizers. Iron(III) oxide can be obtained 
from the mineral hematite or synthetically from other 
iron compounds. It is a reddish brown to red powder. 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 5 mg/m? (respirable 
dust); IARC-3: unclassifiable as to carcinogenicity. 


UN hazard classification: not regulated. 

IRON OXIDE, BLACK — See iron(II, III) oxide. 

IRON OXIDE, RED -— See iron(III) oxide. 

IRON SPARKLER - See sparkler. 

IRRADIANCE — A radiometric term used to measure 
the power per unit area of electromagnetic radiation 
incident on the surface. The SI unit is watts per 
square meter (W/m”). It is sometimes described as in- 


tensity, but this leads to confusion with radiant inten- 
sity, which has different units. 
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IRRITANT — A chemical that is not a corrosive but that 
causes a reversible inflammatory effect on living tissue 
by chemical action at the site of contact. 


IRRITANT SMOKE - A type of irritant chemical agent 
that can be disseminated in the air as extremely small 
solid or liquid particles (i.e., smoke). Irritant smoke 
devices may be used by law enforcement agencies for 
the control of unruly crowds. One type of irritant 
smoke device is commonly referred to as a tear gas 
grenade (see grenade), because the irritant affects the 
eyes, producing profuse tearing. 


IR SPECTROSCOPY — Abbreviation for infrared spec- 
troscopy. 


IR SPECTRUM — Abbreviation for infrared light spec- 
trum. 


ISEE — Abbreviation for the /nternational Society of 
Explosive Engineers. 


ISENTROPIC PROCESS — A procedure in which a 
change takes place, but no entropy (S) is gained or 
lost in that process (i.e., AS = 0). 


ISINGLASS -— [processed biological product] — {CAS 
91053-28-0} 


A form of collagen (i.e., a heterogeneous mixture of 
proteins), processed from the cleaned and dried swim 
bladders of various species of fish and formerly used 
in pyrotechnics as a thixotropic agent and binder. 
Good quality isinglass is colorless or slightly yellow 
and practically odorless. Poorer quality material may 
be brownish yellow and have an unpleasant, fishy odor. 


Isinglass is occasionally mentioned as having been 
used in 18" and 19" century pyrotechnic manufactur- 
ing, such as in the production of quick match and of 
white stars for signal rockets. It is now only of histor- 
ical interest for such applications. 


Health information: TLV: none established; PEL- 
TWA for nuisance dusts, 10 mg/m? (total dust) and 5 
mg/m? (respirable dust). 


Isinglass is relatively non-hazardous in routine indus- 
trial situations. It is not expected to present significant 
health risks to the workers who use it. 


UN hazard classification: not regulated. 


ISO — Abbreviation for the /nternational Organization 
for Standardization. 
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ISO- (prefix) — From the Greek ‘isos’ meaning equal. 
For example, an isosceles triangle has two equal sides. 


In chemistry: The prefix iso- is an abbreviation for 
isomeric. 


ISOBARIC — A system or process characterized by hav- 
ing equal or constant pressure (P) with respect to time. 
The term is usually applied to a thermodynamic pro- 
cess during which the pressure within the system re- 
mains unchanged (i.e., AP = 0). 


ISOBARIC ADIABATIC FLAME TEMPERATURE — An 
adiabatic flame temperature attained within a constant 
pressure system. 


ISOCHORIC — (Also constant volume, isovolumetric or 
isometric) — A system or process characterized by 
occupying equal or constant volume (V) with respect to 
time. The term is usually applied to a thermodynamic 
process during which the volume of the system re- 
mains unchanged (i.e., AV = 0). In an isochoric pro- 
cess, no PV work is performed, such as when measur- 
ing the heat released by burning a substance in a bomb 
calorimeter. 


ISOCHORIC FLAME TEMPERATURE — See flame 
temperature, isochoric. 


ISOLATED POWER SUPPLY — An ungrounded power 
supply that provides electricity in which both output 
wires are isolated (i.e., electrically separated) from an 
electrical ground. An isolated power supply can be a 
battery, a generator with its output not grounded, an 
ungrounded DC-to-AC converter or commercial 
power supplied through an isolation transformer. 


The use of an isolated power supply reduces the chance 
of accidental and unintentional electrical firings oc- 
curring as a result of ground loops completing other- 
wise open firing circuits. Isolated power supplies are 
commonly used to fire proximate audience pyrotech- 
nics and electrically ignited firework displays. 


ISOMER — Chemical compounds that have identical 
molecular formulas and molecular weights but differ 
in the nature or sequence of bonding of their atoms or 
in the arrangement of their atoms in space. For ex- 
ample, two alcohols have the same chemical formula 
[C3H7OH] with a three-member chain of carbon atoms. 
In this case, the hydroxide group [OH] is located on 
different carbon atoms in the chain. The two alcohols 
are n-propanol (or 1-propanol) and isopropanol (or 2- 
propanol): 
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n-propanol Isopropanol 


ISOMETRIC — See isochoric. 


ISOPAR™ — A trade name for a group of eight, high- 


purity, isoparaffinic solvents, which find use in some 
flame effects. Each solvent is designated with a letter 
suffix (e.g., M or G) indicating its boiling point range. 
Isoparaffinic solvents are alkane hydrocarbons, typi- 
cally with an attached methyl group [—CHs] as a side 
branch. 


Isopar-G — A frequently used, relatively safe liquid 
fuel for producing air-burning (i.e., non-pyrotechnic) 
flame effects. The boiling point of Isopar-G is 320 °F 
(160 °C) with a flash point of 106 °F (41 °C). Thus, 
in the US, Isopar-G is a Class II combustible liquid ra- 
ther than being classed as a flammable liquid. At 
normal temperatures, a pool of Isopar-G will not 
readily ignite. 


In flame effects, a jet of Iso- 
par-G is projected into the air, 
typically with high-pressure 
nitrogen gas. The jet is ignited 
by a substantial pilot flame 
that first ignites tiny droplets 
sheared from the edges of the 
upward rising jet of liquid by 
its passage through the air. 
This droplet formation and 
ignition process continues as 
the jet proceeds upward, until 
ultimately the heat produced, 
and the slowing of the jet va- 
porizes the remaining mass of 
liquid fuel and produces a 
more substantial fireball at 
comparatively extreme heights 
(as high as approximately 250 
feet, 80 m). An example of 
this effect is shown to the right. 


Photo Credit: Rick 
Fleming. 


Isopar-M — A relatively safe 

liquid fuel for producing air-burning (i.c., non- 
pyrotechnic) flame effects. Isopar-M is used in a 
similar fashion to Isopar-G. The boiling point of Iso- 
par-M is 489 °F (234 °C), and its flashpoint is 199 °F 
(93 °C). Thus, in the US, Isopar-M is a Class IIIA 
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combustible liquid. At normal temperatures, a pool of 
Isopar-M will not readily ignite. 


ISOPROPYL ALCOHOL and ISOPROPANOL — See 2- 
propanol. 


ISOTHERMAL — A system or process characterized by 
having equal or constant temperature (7) with respect 
to time. The term is usually applied to a thermody- 
namic process during which the temperature within 
the system remains unchanged (i.e., AT = 0). 


ISOTHERMIC CHEMICAL — See cooling salt. 
ISOVOLUMETRIC — See isochoric. 
Isp — (Also I,,) — Symbol for specific impulse. 


ISSUING AUTHORITY — The governmental agency, 
office or official vested with the authority to issue a 
permit or license. 


ITALIAN STREAMER — A comet effect producing a 
dense trail of fine, reddish-orange carbon sparks of 
moderately long duration. Comet stars of this type may 
be dispersed from Roman candles, aerial shells or 
mines. 


The burning stars were described as producing 
“streams of fine, sparkling fire, of a rich red tint’ and 
were made using the formulation below (Browne, 
1888). 


Ingredient Parts by Weight 


The description of the process of manufacture of cut 
stars, using this type of formulation, includes the 
moistening of the composition with adequate hot gum- 
water (one part gum Arabic to ten parts hot water) to 
make a stiff dough. This was then rolled into a cake 
approximately '4-inch (6-mm) thick and scored in a 
crisscross pattern with a spatula. When dried, the 
cake of stars was broken apart, which resulted in 
small cubical stars. Such stars were used, together 
with small colored stars, in the heading of what was 
described as a Peacock Plume rocket. 


Compositions, such as that above, can produce reaction 
products that continue to react with oxygen in the air 
after the pyrotechnic reaction. As such, these compo- 
sitions are important precursors to those producing 
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glitter effects and senko-hanabi. They are relevant to 
understanding the control of spark duration. 


ITALIAN-STYLE AERIAL SHELL — Aerial shells are 
sometimes described by the two countries that played 
dominant roles in their development. In that practice, 
spherical aerial shells are often described as Japanese- 
style aerial shells, whereas cylindrical aerial shells are 
described as Italian-style aerial shells. These cylin- 
drical aerial shells have paper casings exhibiting cer- 
tain traditional patterns, forms and construction tech- 
niques developed in Italy during the 19" century. 
These techniques were brought to the US by Italian 
immigrants, and an Italian American tradition of shell 
making came into existence. 


ITERATION — Repetition, as in repeatedly performing 
a mathematical operation, each time using successive 
values of a variable. Iteration is commonly used in 
computer calculations and computer modeling (e.g., 
in ballistic calculations). 


IUPAC — Abbreviation for the International Union of 
Pure and Applied Chemistry. 


IUPAC NAME -— See chemical name, inorganic and 
chemical name, organic. 


IVORY NUT POWDER -— [processed biological product] 
— (Also tagua powder, corozo powder or vegetable 
ivory powder) — A historic pyrotechnic fuel (e.g., 
formerly used in military flares). It is the powdered 
dried endosperm of the seed of the ivory palm tree 
(Phytelephas_macrocarpa). Ivory nut powder is a 
white to yellowish-white powder. 
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J — The symbol for joule. 
JACK IN THE BOX — See cracker mine. 


JANAF — In the US, the abbreviation for Joint Army, 
Navy and Air Force. Most US military specifications 
for products and raw materials are designated as JA- 
NAF specifications. It is not unusual for these speci- 
fications and data to be used in countries other than 
the US. 


JANAF Thermo-Chemical Tables — Much useful 
thermochemical data can be found in these JANAF 
Tables. The data tables are published by and availa- 
ble from several sources. 


JAPANESE MATCH — See match, Japanese. 
JAPANESE SPARKLER — See senko-hanabi. 


JAPANESE-STYLE AERIAL SHELL — Aerial shells are 
sometimes described by naming one of the two coun- 
tries that played dominant roles in their development. 
Thus, cylindrical aerial shells are often described as 
Italian-style aerial shells, whereas spherical aerial 
shells may be described as Japanese-style aerial shells. 
Many pyrotechnists consider Japanese-style aerial 
shells to be distinguished from other spherical aerial 
shells by their conformation to certain aesthetic 
standards and construction techniques specifically 
developed in Japan during the 19" and early 20" cen- 
turies. The example shown below demonstrates the 
high degree of symmetry of a Japanese-style chrysan- 
themum shell. 


Photo credit: Eldon Hershberger 
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Specifically, these esthetic standards include near 
perfect, radially symmetric breaks; they also include 
patterns of precise color changes, and the frequent 
use of pistils and multiple petals. When these high es- 
thetic standards are not met, the shells may be de- 
scribed simply as oriental-style aerial shells. 


JAPANESE TIME FUSE — See time fuse. 
JAPANESE TORPEDO - See torpedo, firework. 


JAPANESE TRADITIONAL AERIAL SHELL FIRING 
METHOD - See aerial shell firing, traditional Japa- 
nese. 


JATO — Acronym for Jet Assisted Take Off. 
J.B. POWDER — See powder type (collodin powder). 


JET (fluid) — A highly directional, high-velocity fluid 
flow. A jet is often created by a pressurized fluid being 
forced through a small opening or constriction. In 
contrast, a shaped charge produces a jet by focusing 
its explosive energy. 


JET (noun) — See gerb. 


JET (verb) — To move as if propelled like a rocket. 


In_fireworks: Jetting is often used to describe the 
movement of a self-propelled shell insert or other de- 
vice. If stars are fierce-burning and propel themselves 
through the air as they burn, they are sometimes de- 
scribed as swimming or jetting. A fountain or gerb 
that breaks free from its mounting might be described 
as jetting about. 


JET ASSISTED TAKE OFF —- (Acronym JATO) —- A 
unit that is usually characterized as being a strap-on, 
replaceable solid propellant rocket. One of the first 
composite propellants, developed as part of the 
GALCIT Rocket Research Project, was used in early 
JATO units. 


JETEX™ — (Also Jet-X™) — A tiny amateur rocket mo- 
tor system manufactured in Great Britain from 1948 
to 1971 but sold in many countries including the US. 
The original rocket motors were specifically designed 
to propel model airplanes, and toy boats and cars. 


A UK patent (642,689) for the first Jetex motor (de- 
scribed as a ‘reloadable reaction micro-motor’) was 
issued to British model aircraft entrepreneurs Charles 
Mandeville Wilmot (1904-1981) and Joseph Naimé 
Mansour (1906-1972) in 1950, with several additional 


Page 705 


patents for improvements issued subsequently. The 
original research that led to the Jetex motor had be- 
gun in 1938, with a first prototype constructed in 
1940. The project received support from the Devel- 
opment of Miscellaneous Weapons Department of 
the British War Ministry, as it was thought to have 
potential military applications. During the World War 
II larger versions of the prototype Jetex motor were 
used in target drones, manufactured by the hundreds 
of thousands for training the operators of anti-aircraft 
guns. Development continued after the war and the 
patent application was filed in 1947. The propellant 
for the motor was developed and produced by the 
Nobel division of Imperial Chemical Industries Lim- 
ited (ICI) at Ardeer, Scotland. 


Production of the motors by Wilmot, Mansour & Co. 
Ltd. began in 1948 and the first units (the Jetex 100 
and Jetex 200) were offered for sale in 1948. In 1956 
the Jetex business was sold to the toymaker D. Sebel 
and Company of Erith, Kent. Production and devel- 
opment of Jetex motors continued for another 16 
years after which the manufacturing equipment for 
Jetex products was scrapped. 


In 1986 another British company (Powermax) dis- 
covered a stock of Sebel-manufactured Jetex motors 
in the US. After developing their own fuse and pro- 
pellant, they began sales under the name Jet-X. When 
the stock of the Sebel-manufactured motors ran out in 
the 1990s, Powermax introduced their own ‘Z’ series of 
motors. The Powermax range of Jet-X products was 
discontinued in 2010. 


Jetex rocket motor—A small, amateur rocket motor 
used to propel model airplanes and occasionally toy 
cars and boats. The illustration below is derived from 
the initial US patent (2,637,162). 


Wire Screen 
Propellant Grain 


The dimensions of the original Jetex motor were ap- 
proximately 1 inch (25 mm) in diameter and a little 
longer than 2 inches (50 mm). Closure of the com- 
bustion chamber was accomplished by a group of 
safety spring clips that held an end plate (with the 
rocket nozzle) tightly against the end of the combustion 
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chamber. The springs limited the motor’s chamber 
pressure to approximately 125 psi (860 kPa). 


Initially, in 1948, two motors were offered commer- 
cially, the Jetex 100 and the larger Jetex 200. Later 
that year, the range was expanded by the addition of 
an even larger motor (Jetex 350, marketed in the US as 
the Spacemaster 600 A). A smaller motor (the Jetex 
50) was introduced in 1949. A different version of 
the original Jetex 50, the Jetex 50 Export, was devel- 
oped for the US market. 


The Jetex 50 Export motor is approximately 0.8 inch 
(20 mm) in diameter, 2.0 inches (50 mm) long, with a 
nozzle throat diameter of only 0.04 inch (1 mm) and 
a weight of approximately 10 grams, exclusive of the 
motor mount and propellant grain. An example of a 
Jetex 50 Export motor is shown below (upper left) 
with its motor mount (lower left) and a view of its tiny 
exhaust nozzle (right). The motor casing and end cap 
are constructed of pressed Duralumin alloy. 


| | a 
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Photo credit: Mark Coffin 


A version of the Jetex 50 Export, having a somewhat 
longer casing, was marketed as the Jetex 50 B. The 
Jetex Jetmaster, a larger motor that could take 1-1/2 
Jetex 100 fuel pellets, was introduced in 1952. In 1953 
the smallest (Atom 35) and the largest (Scorpion 600) 
Jetex motors were introduced. In 1955 a ‘boosted 
thrust’ Jetex 50, with two spring clips, was introduced 
in the UK as the Jetex 50 R. 
These were the last of the 
range of motors produced 
by Wilmot, Mansour & Co. [BP/geg SoU i fel iT 
Ltd. facing Cars, Helicopters: 
Bs Modete 

The introduction of the [im 
new, hotter-burning fuel by 
D. Sebel & Co in the late 
1950s led to the casing of 
the Jetex 50 Export being 
changed from aluminum al- 
loy to steel. The new model, 
the Jetex 50 C, (shown at 
the right) was especially 


Photo credit: Mark Coffin 
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popular in the 1950s and 1960s because of its low cost. 
Another steel motor, the Jetex 150 PAA Loader 150, 
was introduced by Sebel in 1956 to replace the Jet- 
master. 


Jetex fuel — Cylindrical fuel pellets (i.e., propellant 
grains) of various sizes to fit the various Jetex motors. 
Although the composition of Jetex fuel changed over 
its years of production, it was always based on guan- 
idine nitrate as its major ingredient, and it was formu- 
lated to burn with only a small amount of ash, slag or 
another residue. The original composition was dis- 
closed in 1947 in British Patent Application 27240/47 
by British chemist Alexander Cantlay Hutchison 
(1916-2014). The application was granted in 1950 as 
British Patent 644,073, assigned to Imperial Chemical 
Industries, Ltd. (ICI). The Patent disclosed several 
similar gas-generating compositions for applications 
ranging from the operation of a rotary blower to the 
dispersal of insecticidal vapors. The composition rec- 
ommended for the propulsion of models is presented 
below. 


Ingredients Parts-by-Weight= 


The Patent stated that the mixture was ball mixed into 
a fine powder, then pressed in a tubular mold lined 
with asbestos paper to give a well consolidated pellet. 
The ignition temperature of the original fuel compo- 
sition was relatively low (approximately 200 °C), and 
it burned with an unusually low flame temperature 
(approximately 1000 °C). 


Anew propellant was developed and disclosed in 1958 
in British Patent Application 40076/58. The inventor 
was somewhat implausibly cited as Cecil Arthur Ras- 
sier, a British businessman and a Director of D. Sebel & 
Co. Ltd. A recent account of the development of the 
Sebel fuel (Simmonds, 2004) stated that its ‘invention’ 
was achieved by analyzing a Japanese-made fuel pellet 
intended for use in Jetex motors. The composition, as 
disclosed in British Patent 943,991, is presented below. 


Ingredient Parts-by-Weight 
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This fuel produced higher temperatures than the orig- 
inal ICI fuel, and consequently the motor cases had to 
be changed from the original aluminum alloy to steel. 
The high concentration of potassium dichromate in 
this formulation would be unacceptable by modern 
standards because of the carcinogenic properties of 
hexavalent chromium compounds. 


Jetex fuse — A small-diameter, externally-burning 
fuse manufactured for use with Jetex model rocket 
motors. The original Jetex fuse has not been available, 
except as a collector’s item, since the early 1970s. 


The Powermax version of this fuse (JX-9) consisted of 
a fine nickel-copper wire (0.008 inch, 0.2 mm, in diam- 
eter) onto which a fuse composition having an elasto- 
meric binder had been extruded to form a fuse with an 
overall diameter of approximately 0.034 inch (0.85 
mm). An example of this fuse is shown below (it is 
actually more reddish-brown than it appears below). 

| 


af 
The small diameter of the fuse allowed it to fit 
through the rather small diameter exhaust nozzle of 


the Jet-X rocket motor. 


It is thought that the JX-9 fuse composition consisted 
of potassium perchlorate, red lead oxide, silicon and 
a polymeric binder. This is consistent with a qualita- 
tive analysis of the fuse using spot tests and X-ray 
fluorescence spectroscopy. The fuse is easily ignited 
by a match (as intended), burns reliably at a rate of 
approximately 0.3 in./s (7.5 mm/s) and produces 
high-temperature combustion products that are more 
than adequate to ignite Jetex fuel pellets. 


JET MILL — See mill. 


JET SEPARATION — A phenomenon occurring when a 


rocket motor’s nozzle exit pressure is significantly 
below ambient atmospheric pressure. Jet separation is 
characterized by the formation of an oblique shock 
wave that causes detachment of the gas flow from the 
interior nozzle wall. This has the effect of increasing 
thrust above that which would be produced without 
jet separation. 


Page 707 


One of the older empirical predictors of the likeli- 
hood of jet separation is the Summerfield criterion. 
This said that separation was likely to occur if the ratio 
of nozzle exit pressure to ambient pressure was lower 
than 0.4, when the chamber pressure was greater than 
16 times ambient atmospheric pressure. Some refer- 
ences also indicate that the location in the divergent 
section of the nozzle, where the Summerfield criterion 
is met, is the point of separation. 


JET-X™ — See Jetex. 


JEUX DE LA BAGUE - See firework name and descrip- 
tion (historical). 


JEWELED COMET - See comet type. 
JEWELED FOUNTAIN — See fountain type. 


JEWELED RAT — A firework rat (see firework rocket 
type, basic (line rocket)) that carries effects, such as 
stars, on its outside. 


JEWELER’S ROUGE — See iron/(III) oxide. 


JOINTING SLEEVE, SELF-SOLDERING — See solder- 
ing, jointing sleeve, self-. 


JOKER MATCH - See match, firework. 
JOP — An abbreviation for Journal of Pyrotechnics. 


JOSS STICK — A form of incense adhered onto a thin 
stick that looks and burns much like a firework punk. 
The word joss is of Chinese origin and is related to a 
religious idol or deity. The use of joss sticks (i.e., in- 
cense) is often part of worship. 


JOULE — (Symbol: J) — The derived SI unit of work 
and energy, named after the British physicist James 
Prescott Joule (1818-1889). One joule is the amount 
of work done (or energy expended) when a force of 
one newton is applied to a body, causing it to move one 
meter in the direction of the applied force (1.e., one 
joule = one newton meter). It also equals the amount 
of work done when a current of one ampere passes 
through a resistance of one ohm for one second (i.e., 
one joule = one watt second). 
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a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


b) The unit BTU = British thermal unit. 
JOULE HEATING — See resistive heating. 
JOULE-KELVIN EFFECT — See Joule-Thomson effect. 
JOULE-LENZ LAW - See Joule’s laws. 


JOULE’S CONSTANT — (Also mechanical equivalent of 
heat) — Historically, the ratio between heat and work 
units derived from experiments based on the first law 
of thermodynamics. This was once a matter for ex- 
perimental investigation, but the calorie is now de- 
fined in terms of the joule, and Joule’s constant is the 
conversion factor between the two units of energy, 
namely 4.184 joules per thermochemical calorie. 


Inthe 18" century, heat was thought to be a substance 
described as caloric and thought to be quite different 
from mechanical energy. In 1845 English physicist 
and brewer, James Prescott Joule (1818-1889), defin- 
itively demonstrated that the two forms of energy 
were equivalent. 


JOULE’S LAW — Two independent laws take their 
name from the English physicist and brewer, James 
Prescott Joule (1818-1889). 


The first (also described as the Joule-Lenz law) states 
that the heat generated (qg in joules) by a constant 
electric current flowing through a conductor is pro- 
portional to the resistance of the conductor (R in ohms), 
the square of the current (J in amperes), and time (¢ in 
seconds): 


q=lI’-R-t 


The other Joule’s law states that the internal energy 
of an ideal gas is independent of its volume and pres- 
sure; and that, for a given mass, the internal energy 
only depends on its absolute temperature. 


JOULE-THOMSON EFFECT — (Also Joule-Kelvin ef- 
fect) — The decrease (or, for a few gases, increase) in 
temperature that occurs when a real gas expands 
through a throttling device such as a nozzle. This is 
considered to be an adiabatic process because essen- 
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tially no heat is transferred to or from the gas. The ef- 
fect takes its name from British physicists James 
Prescott Joule (1818-1889) and William Thomson, 
1* Baron Kelvin, (1824-1907). 


JOURNAL OF PYROTECHNICS -— (Abbreviated JPyro 
or JoP)—A peer-reviewed, scientific journal appearing 
twice a year from 1995 to 2008. In 2008 the journal 
initiated electronic publishing with an annual print 
edition. The “Journal of Pyrotechnics” is ‘dedicated 
to the advancement of pyrotechnics through the shar- 
ing of information’ and is oriented toward persons 
with a serious scientific interest in non-military pyro- 
technics. The general appearance of the Journal is 
shown below. 


Issue 23, Summer 2006 


Journal of eee 


Pyrotechnics 


FIREWORKS - PYROTECHNIC SPECIAL EFFECTS - PROPELLANTS & ROCKETRY - CIVILIAN PYROTECHNICS 


Full Papers: 
Computer modeling of flying star ballistics 

Dayu Ding, Morimasa Higaki, Yozo Ooki and Tadao Yoshida 3 
‘Temperature measurements within the luminous region of a burning Ba(NO,)/AJ mixture 

PJ Disimile, R Prasad and N Toy 10 
Ballistics of an iron bar shot from a mortar 

Morimasa Higaki, Dayu Ding, Yuzo Ooki and Tadao Yoshida 21 
Ballistics of a No. 3 spherical shell with illuminant 

Dayu Ding, ¥uzo Ooki, Morimasa Higaki and Tadao Yoshida 30 
Effect of particle size on the mechanical sensitivity and thermal stability aspects of pyrotechnic 
flash compositions 

SP Sivapirakasam, M Surianarayanan, F Chandrasekaran and G Swaminathan 39 
Interrelation betweea impact, friction and thermal energy of pyrotechnic cracking reaction 

SP Sivapirakasam and M Surianarayanan 51 
Thermal characterisation and kinetic modelling of pyrotechnic flash composition under 
adiabatic conditions 

SP Sivapirakasam, M Surianarayanan and R Vijavaraghaven 61 


Communications and Reviews: 
Review of Fireworks, Principles and Practice - Ron Lancaster 

Christopher Pearce 67 
Selected Proceedings of the 2nd Workshop on Pyrotechnic 
Combustion Mechanisms: 
Introduction 


Ernsi-Christian Koch and Rutger Webb 6 
The combustion products of novel high-nitrogen energetic materials 

David E Chavez, Michael A Hiskey, My Hang Huynh, Darren L Naud, Steven F Son and 70 

Bryce C Tappan 
Laser-initiated reactions of energetio/thermitie composites 

Jared C Gump and Subithi M Peivis al 
‘New approaches to model pyrotechnic reactions 

Stefan Kelzenberg, Norhert Bisenreich and Volker Weiser 87 


DEDICATED TO THE ADVANCEMENT OF PYROTECHNICS THROUGH THE SHARING OF INFORMATION 


The “Journal of Pyrotechnics” addresses fireworks, 
pyrotechnic special effects, propellants and rocketry, 
and other civilian pyrotechnics. It contains a mix of 
research papers, articles dealing with the science of 
pyrotechnics and short communications. It is key- 
word indexed and a full list of past articles prior to 
2008 appears on the web site: www.jpyro.com. For 
more recent articles: www.jpyro.com/wp. 


JPYRO — Abbreviation for Journal of Pyrotechnics. 


JUMELLE — See firework name and description (his- 
torical). 
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JUMPING CRACKER — See English cracker. 


JUMPING JACK — A synonym for a firework device 
otherwise known as frog, English cracker or grass- 
hopper. The Chinese also manufacture a popular and 
entirely different device described as a Jumping Jack. 
The Chinese version looks much like a standard 1’ 
by 4 inch (38 x 6 mm) firecracker, as shown below. 
They are sold in packs with braided Chinese tissue- 
paper fuse, typically with 12 items per pack. 


CAUTION 
SPINS ON GROUND 
EMITS FLAME AND SPARKS 
LY UNDER CLOSE ADUL 


RVISION.FOR OUTDOOR USE 


cftt | 


ey st 


The fuse end of the device is crimped in much the 
same way as for firecrackers. The end opposite the 
fuse 1s typically blocked with clay. The initial com- 
position (i.e., that which is ignited first by the fuse) is 
a fierce-burning Black Powder-based composition that 
burns sufficiently fiercely to cause the paper tube to 
be propelled. Approximately one-quarter along the 
length of the tube from the end where the fuse enters, 
one or two small holes extend through the wall of the 
tube and into the composition. The hole(s) may be 
punched into the tube before the final colorful wrap 
of thin paper is applied, which then conceals their ex- 
istence. In a recent example, shown below, the two 
small holes are punched through the outer wrap of 
paper, making them clearly visible. 
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Typically, two layers of composition follow the Black 
Powder-based thrust composition. These are both 
metal-fueled (often magnalium-based), color compo- 
sitions (usually red followed by green) that burn 
fiercely enough to continue the propulsion and, at the 
same time, produce a long, brightly colored flame. 


Because gas is vented through the side-vent holes, the 
tube spins somewhat like a miniature colored tourbil- 
lion and flies unpredictably a short distance into the 
air. The burn time of these devices is approximately 3 
seconds, producing a whirring sound that is easily 
recognized. These devices can be hazardous because 
they can be propelled 30 feet (10 meters) or more, 
and their trajectories are entirely unpredictable. 


Jumping Jacks can be used as an effective aerial shell 
insert by unbraiding them, priming, and placing them 
ina shell with a soft break charge to assist in ensuring 
ignition. Some shell makers do not bother unbraiding 
the devices and just prime the length of the braided 
fuse heavily before inserting the Jumping Jacks into a 
shell. If the Jumping Jacks are the only contents 
packed randomly into the shell, the shell will be es- 
pecially lightweight, which can result in the shell not 
achieving its full altitude. One solution is to mix 
some stars with the Jumping Jacks, thus producing a 
shell of a more typical weight. 


Historical: A US firework catalog from early in the 20 
century includes an illustration of an item described 
as a Jumping Jack that was neither the traditional item 
(English cracker) nor the Chinese miniature tourbil- 
lion-like device described 
above, but one of an entire- 
ly different construction. 
The item is described as 
‘Making as much noise as 
a pack of firecrackers and 
being lively as crickets’. 
It came ina box roughly 2 
x 2 x ¥% inch (50 x 50 x 19 
mm), as shown at the right. 


Photo Credit: Hal Kantrud 


Apparently, this version of the device was patented 
(US 1,441,551) in 1923 by M. M. Adler. It was made 
using a piece of touch paper (described as the carrier 
sheet) on which a collection of small (about 3/36- 
inch, 4 mm) dots of pyrotechnic composition (de- 
scribed as a ‘plurality of pastilles’) was deposited. A 
suggested formulation was composed of potassium 
chlorate, white phosphorus, red ocher and magnesium 
carbonate. It was bound with gum Arabic. (Thus, it 
was similar to the composition used in spit devils.) 
The illustration of the device below is from the patent. 
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The carrier sheet and pastilles were then inserted into 
a small cardboard box (1) with a hole in the top (2) 
through which the corners of the carrier sheet (7) pro- 
truded for easy ignition. The ends of the box had ‘a 
plurality of ventilating perforations’ (5) to facilitate the 
burning of the carrier sheet. 


Lig. L 


After the device was ignited and when the smoldering 
touch paper reached the individual dots of composi- 
tion, they would explode. In the patent application, 
the device and its functioning are described as a ‘fire- 
cracker which is safe to handle, which will not fly 
apart when set off so as to endanger the eyes or person 
of the user, or entail the risk of igniting fires, and which 
is constructed to produce, when set off, a series of in- 
termittent succession of detonations, rendering the 
same pleasing and interesting effect, and providing a 
firework or firecracker which will operate for a com- 
paratively long time after it is ignited.’ 


Apparently, a similar device described as a ‘Hornets’ 
Nest’ was also marketed. 


JUTE—A common vegetable fiber (primarily cellulose) 


that is used to make cordage, rope and fabric. 
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k — The symbol for heat capacity ratio, thermal con- 
ductivity (see conductivity, thermal), Boltzmann con- 
stant and kilo, meaning one thousand (1,000 or 10°). 


K — The symbol for the Ke/vin temperature scale (an SI 
unit) and the chemical element potassium. 


KALEIDOSCOPE SHELL — See aerial shell name and 
description (specific). 


KALLOW AND SHORTS’ SAFETY POWDER — Sce 
powder type (chlorate powder). 


KAMURO SHELL — (Also Nishiki kamuro shell) — A 
type of symmetrically breaking willow shell with ex- 
tremely long-burning stars that leave a persistent spark 
trail as the stars burn, sometimes almost reaching the 
ground. Kamuro is said to refer to a Japanese hair- 
style in which long straight hair falls mostly symmet- 
rically about one’s head. (The somewhat equivalent 
American term is a bowl cut). 


KAOLIN — (Also china clay) — A white clay of low 
plasticity used in the manufacture of porcelain and 
bone china. Although, in its pure form, kaolin is too 
expensive for commercial use for clay plugs, nozzles 
and chokes in fireworks, some types of raw clay used 
for these purposes contain a high percentage of kaolin. 


Kaolin has found occasional use as a diluent in pyro- 
technic compositions. 


KARABE — See amber powder. 

KAST TEST — See explosive output test. 
KATO - See CATO. 

KAURI GUM — See gum copal. 
KAWWARA - See Maltese firework term. 


KBAR — Abbreviation for kilobar, which equals 1,000 
or 10° bars of pressure. 


KCAL — Abbreviation for kilocalorie. 

KD GUM - See gum copal. 

KEL-F™ — The trademark for a series of fluorocarbon 
products including polymers of chloro-trifluoro- 


ethylene and vinylidene fluoride copolymers. They are 
characterized by high thermal stability, resistance to 
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chemical corrosion, high dielectric strength, as well 
as high impact, tensile and compressive strengths. 


All KEL-F oils and waxes are colorless and odorless. 
In the liquid state, all products are clear and free from 
sediment. At room temperature, the oils are transpar- 
ent, and the waxes take on a translucent or opaque 
white appearance. 


In pyrotechnics: KEL-F is used in specialized compo- 
sitions, especially in some military pyrotechnics, as 
an oxidizer (utilizing its fluorine and chlorine as the 
oxidizing atoms). 


KELVIN — (Symbol: K) — (Also Kelvin temperature 
scale) — The base SI unit of thermodynamic tempera- 
ture. The Kelvin temperature scale is named after Wil- 
liam Thomson, Lord Kelvin. One kelvin is 1/273.15 of 
the thermodynamic temperature of the triple point of 
water, with 100 equal divisions between the freezing 
and boiling points of pure water at one atmosphere 
pressure. Zero kelvin corresponds to absolute zero, 
where all molecular motion is at an absolute mini- 
mum. Note that no degree symbol (°) is used with the 
symbol K for Kelvin temperature. 


Temperature in kelvin is equal to temperature in de- 
grees Celsius plus 273.15.Some comparisons between 
the various temperature scales are presented below. 


KEROSENE -— See paraffin. 


KETONE -— A class of organic compounds in which 
each compound has an oxygen atom double-bonded 
to a carbon atom that, in turn, has bonds to two other 
carbon atoms or groupings. The general structure of a 
ketone may be written RCOR’, where R and R'are alkyl 
or aromatic groupings: 


ketone acetone butanone 
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Acetone and 2-butanone (methyl-ethyl ketone or MEK) 
are solvents used in pyrotechnics. 


KEVLAR™ GLOVE — See personal protective equip- 
ment. 


kg — Symbol for kilogram; an SI unit of mass. 


KICKED (rocketry) — A rocket motor that is ejected 
from the rocket while in flight. This malfunction often 
results in the failure of the recovery system (see prang). 
The usual cause is improper motor mounting. 


KICKER -— (special effect) — A device consisting of a 
medium-diameter (roughly 4 inches, 200 mm) mortar 
and a post (usually wood) that is used to achieve vari- 
ous special effects in television and motion pictures. 
A small Black Powder bomb is positioned behind the 
post, and, when fired, pushes the post at least partially 
from the mortar. The construction of a kicker is illus- 
trated below in cross section. Often the post will be 
secured in some way (not shown in the illustration.) 
to limit the distance it can be propelled from the mortar. 


Firing Wires 4 


Small t Steel Wooden 
Black Powder Mortar Post 
Bomb 


Kickers are literally used to kick things about. A kicker 
may be used to knock the support from under some 
object, so the object collapses under the force of 
gravity. Similarly, a kicker may be used to push out 
the top or bottom of a wall, so that the wall topples 
and whatever it is supporting falls to the ground. 


A larger version ofa kicker (1.e., a cannon-roll mortar) 
is used to flip a car (described as a cannon roll) when 
it has been strategically positioned inside a specially 
prepared vehicle (i.e., a cannon car). 


KIESELGUHR — See diatomaceous earth. 

KI HEAT TEST — See Abel test. 

KILN GUN — An industrial gun used for clearing built- 
up material in industrial kilns and furnaces, and to 


clear blockages in grain silos. An example is shown 
below. 
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Illustration Credit: Industrial Cartridge [Pty] Ltd. 


Use of a kiln gun permits a kiln or furnace to remain 
at its normal operating temperature while accumulated 
deposits that would otherwise ultimately disrupt the 
correct operation of the kiln or furnace are dislodged. 


Such a gun was disclosed in US Patent 1,767,281 
granted in 1930 to American inventor George Henry 
Garrison (1864-1945). Modern kiln guns typically 
fire 8-gauge cartridges (shown at the lower left of the 
illustration) that resemble large shotgun cartridges, 
with a range of projectiles (two examples are shown) 
adapted to specific applications. It is increasingly 
common for the projectiles to be made of zinc to 
avoid the contamination inevitably associated with 
the use of lead projectiles. 


In some industries, where relatively small kilns are in 
use, ordinary 12-gauge shotguns have been used as 
kiln guns. 


KILO — (Symbol: k) — The SI prefix meaning one thou- 
sand (1,000 or 10°); also slang for kilogram. 


KILOCALORIE — (Symbol: kcal) — A metric (but not SI) 
unit of heat that equals 1000 calories. 


kilojoule 


kilocalorie |~ 


a 


~ 


To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 

b) There are multiple values for calorie, some of which 
would round to 4.18 and some to 4.19. 


c) The unit BTU = British thermal unit. 
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energy content of food; it equals | kilocalorie and is 
commonly denoted by capitalizing the letter C in the 
name of the unit (i.e., 1 Calorie = 1 kilocalorie). In 
some older texts, this may not be clear. 


The food Calorie is the unit used to characterize the Multiply @ To Obtain 


KILOGRAM — (Symbol: kg) — The base SI unit of mass. a) To convert units in the opposite direction, divide by the 
From 20 May 2019, the kilogram is defined with ref- conversion factor instead of multiplying. 
erence to the Planck constant, which is deemed to be 
exactly 6.62607015 x 10 ** kg-m*-s '. Previously, the KILOPASCAL — (Symbol: kPa) — An SI unit of pressure 


kilogram was defined as the mass of a certain proto- that equals one thousand (1000 or 10°) pascals. 
type object made of a platinum [Pt] and iridium [Ir] : 
alloy and housed in Sevres France. National laborato- uy: 


ries in other countries keep similar masses that have 
been compared directly to the international prototype. 
In the US, the kilogram #20 is used and is periodical- 
ly compared with other international standard masses. 
One kilogram is very close to the mass of one liter of 
water at 4 °C. This is not a coincidence, as the original 
(1795) definition of the kilogram was the mass of one 
cubic decimeter (i.e., one liter) of water at the tem- 
perature of melting ice (0 °C). A few years later 


(1799), this was changed to the mass of one cubic KILOWATT — (Symbol: kW) — A derived SI unit of 
decimeter of water at the temperature of its maximum power that equals one thousand (1000 or 10°) watts. 


density (i.e.,4 °C). 
Multiply @ | By | | To Obtain | Obtain 
Multiply ® To Obtain F a 3 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


b) The pressure unit psi = pounds per square inch. 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


a) To convert units in the opposite direction, divide by the KINEMATIC COEFFICIENT OF VISCOSITY — For a 
conversion factor instead of multiplying. fluid, the ratio between its viscosity and its density. 


KILOJOULE — (Symbol: kJ) — An SI unit of energy that KINEMATIC VISCOSITY — See fluid viscosity. 
equals one thousand (1000 or 10°) joules. 


; KINEPAK™ — A two-component, cap-sensitive explo- 
Mulbly sive in which the two components (finely ground am- 
monium nitrate and nitromethane) are combined just 


prior to use. Examples of a | pound and a 1/3-pound 
(454 and 151 g) charge of Kinepak are shown below. 


yeaseatoatie: 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 
b) There are multiple values for calorie, some of which \ 
would round to 4.18 and some to 4.19. ae 
c) The unit BTU = British thermal unit. 


KILOMETER — (Symbol: km) — An SI unit of length 
that equals one thousand (1000 or 10°) meters. 
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The charge is prepared by simply pouring the liquid 
component (nitromethane dyed red) into the powder 
component (ammonium nitrate) and allowing time 
for the liquid to soak through the powder. Charges 
such as these can be used directly in small blasting 
operations or as booster charges for quantities of 
blasting agents. 


KINETIC ENERGY — See energy. 


KINETIC-MOLECULAR THEORY OF GASES — See 
gases, kinetic-molecular theory of. 


KINETIC TEMPERATURE — See temperature. 
KING’S YELLOW — See arsenic(III) sulfide. 


KIRCHHOFF’S LAWS (electrical circuits) - Two laws 
that relate the values of voltage, current and resistance 
in complex networks: 


e The algebraic sum of currents in a network of con- 
ductors meeting at a point is zero. 


e The algebraic sum of the voltages around a closed 
loop is zero 


These laws are extensions of Ohm’s law and are named 
after the German physicist Gustav R. Kirchhoff (1824— 
1887), who contributed much to the fundamental un- 
derstanding of electrical circuits, spectroscopy and 
blackbody emissions from heated objects. 


KIRCHHOFF’S LAW (thermal emission)— See radiation 
law. 


KI STARCH TEST — See Abel test. 


KISTIAKOWSKY-WILSON RULES — (Abbreviated K- 
W rules) — A set of empirical rules for calculating the 
approximate composition of gaseous products from a 
detonated high explosive. 


KITBASH — The combining two (or more) rocket kits 
into a new design or when a single kit is combined 
with non-kit parts. Kitbashing is sometimes used as a 
contest at amateur rocketry events. 


KITCHEN MATCH - See match, kitchen. 
KIT PLASTER -— A material used for closing and sealing 
various military pyrotechnic items in the 19" century. 


It consisted of stout canvas treated with the following 
mixture: 
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Ingredient Parts by weight 


a) A product obtained from the distillation of wood-tar pro- 
duced in the manufacture of charcoal from pine wood. 


b) Purified mutton fat. 
kJ — Symbol for kilojoule, an SI unit of energy. 
KLEMMUNG -— See propellant area ratio. 
KM — Symbol for kilometer; an SI unit of length. 
KN — Abbreviation for potassium nitrate. 
Ky — Symbol! for propellant area ratio. 


KNAFFLE’S POWDER — Sce powder type (chlorate 
powder). 


KOENEN TEST — (Also steel-sleeve test) — A test to 
determine the propensity of a solid, pasty or liquid 
substance to explode when exposed to intense heat 
under varying degrees of confinement. The sample is 
placed into a sample tube. Flame is applied to engulf 
the sample tube to achieve a standard heating rate. 


This test uses a non-reusable, open-ended, flanged- 
steel tube having an internal diameter of 24 mm (0.95 
inch), a length of 75 mm (3 inches) and a wall thick- 
ness of 0.5 mm (0.02 inch) as shown in the cross- 
sectional illustration below (4, left). A reusable two- 
part threaded collar (1 and 2), where the lower part 
(2) slips over the sample tube from the bottom to 
hold a nozzle plate (3) with an orifice (a) through 
which gases are allowed to vent. 


a1 


ila 


Photo Credit: Reichel & Partner, GmbH. 
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For the test, a sample (9 cm, 0.58 in*) of a test sub- 
stance is loaded into the flanged-steel tube (4). (If 
there is concern for an explosion, a smaller quantity 
may be used initially.) The tube assembly (shown on 
the right above, by the yellow arrow) is suspended 
between two rods in the heating and protective device 
(black arrow). Heating is provided by four propane 
burners (one is identified with a red arrow) that are 
ignited simultaneously. 


By controlling the diameter of the orifice (a) in the 
plate over the top of the sample tube, the degree of 
confinement of the sample is varied. The orifice in 
the nozzle plate can range in size from 1.0 to 20 mm 
(0.04 to 0.8 inch) in diameter. During the course of 
testing, the orifice size is decreased until an explosion 
occurs (or the substance passes the test with the 
smallest orifice). Next, three trials are conducted with 
the orifice plate one size larger than that for which 
any explosion occurred. This level is considered to be 
the limiting diameter. The substance is considered to 
have explosive properties if the limiting diameter is 
more than 1.0 mm. 


An individual test is completed upon rupture of the 
sample tube, or after heating the tube for a minimum 
of 5 minutes with no reaction. After each trial, the 
fragments of the tube, if any, are collected. The reac- 
tion is considered to have been an explosion if the tube 
fragments into three or more pieces. 


Data obtained from the Koenen test can be used in 
determining a substance’s shipping classification and 
for evaluating the degree of venting required to avoid 
an explosion during processing operations. 


KONRUKO — See amber powder. 


KOWARIMONO SHELL — A Japanese term for a spheri- 
cal aerial shell breaking with an explosive force in- 
termediate between a pokamono (i.e., weakly break- 
ing) and a warimono shell (i.e., powerfully breaking). 
In this case, the stars or other effects are dispersed 
moderately far from the center of the burst, and stars 
will be seen to droop somewhat before they burnout. 
Common examples of kowarimono shells are diadem 
and crown chrysanthemum shells. 


KP — Abbreviation for potassium perchlorate. 
KPA — Symbol for kilopascal. 


K-POWER™ — Trade name for a common agricultural 
grade of potassium nitrate. 
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KRAFT PAPER -— Kraft paper is the strongest and most 


useful of the so-called coarse papers. (Kraft is the 
German word for strong.) 


In the past, the wood pulp used to make paper was 
made using the soda process (patented in England in 
1853), which uses sodium hydroxide and chlorine. 
Today, a process utilizing sodium sulfide (described 
as the kraft process or the sulfate process, from the 
sodium sulfate used to make sodium sulfide), has al- 
most entirely replaced the soda process. The Kraft 
process was patented in 1884 by German chemist 
Carl Ferdinand Dahl (1839-1892). 


The basis weight of kraft paper is the weight in pounds 
of 500 sheets of paper 24 by 36 inches (610 by 915 mm) 
in size. Kraft paper is available in basis weights of 16 
to 90 pounds, but the more extreme basis weights 
may be difficult to obtain. In making cylindrical aerial 
shell casings and pasting spherical shell casings, rela- 
tively heavy kraft paper (i.e., 60 to 70 pound) is typi- 
cally used. The outer paste wrap and finish wrap of 
cylindrical casings are normally made from lighter 
weight kraft paper (i.e., 30 to 40 pound). 


Kraft paper has a grain that is the result of the domi- 
nant direction of the cellulose fibers as the paper is 
manufactured. Knowledge of the grain direction of 
the paper can be important, because there is a marked 
difference in its along-the-grain and across-the-grain 
tensile strength. It is relatively common for the along- 
the-grain tensile strength of kraft paper to be roughly 
60% greater than it is across-the-grain tensile strength. 
For methods to determine the grain of kraft paper, see 
paper grain. 


KRUCETTI — See Maltese firework term. 


KRUSHNIC EFFECT — The reduction in thrust (ac- 


companied by a change in the sound produced) that 
occurs when a model rocket motor is recessed into a 
close-fitting body tube by more than approximately 
one half the body tube diameter. The cylindrical vol- 
ume below the motor forms a secondary expansion 
chamber that allows the exhaust gas to expand to below 
atmospheric pressure before leaving the rocket body. 
The surrounding air that is aspirated into the exhaust 
stream causes turbulence that negates much of the 
motor’s thrust, along with creating the characteristic 
roar. The effect is thought to be due to some form of 
nozzle overexpansion. It is named for Richard 
Krushnic, who discovered the effect in 1958. (Con- 
trast with Bernoulli lock.) 
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K-SHELL — The electron shell closest to the nucleus of 
an atom. Electrons residing in the K-shell are those 
with the lowest potential energy of any electrons in 
the atom and have the principal quantum number of 1. 
(See quantum theory.) 

Ksp — Symbol for solubility product constant. 

KUNROKU - See amber powder. 

KW — Abbreviation for kilowatt. 

K-W RULES — See Kistiakowsky- Wilson rules. 


KYANITE — See aluminum silicate. 
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2 (lambda) — Symbol for wavelength. 


() — The designation used to indicate that a substance 
inachemical equation is in its liquid state; for example, 
H20() means liquid water. 


L-— The symbol for /iter, a metric unit of volume (in the 
past, the symbol for liter was the lower-case I, but that 
is now obsolete); L is also the symbol for lambert. 


L* — Symbol for characteristic length. 
L* STAR INSTABILITY — See instability, L star. 
LAC or LACCA - See shellac. 


LACHRYMATOR - (Also lacrimator) — A substance 
that irritates the eyes and produces tearing. An example 
of this is the so-called ‘tear gas’. See irritant smoke. 


LACQUER, NITROCELLULOSE -— See nitrocellulose 
lacquer. 


LACTOSE MONOHYDRATE — [Ci2H20i;-H20] — 
{CAS 5989-81-1} — (Also lactose, lactose, a-lactose 
monohydrate, milk sugar or saccharum lactis) 


Lactose monohydrate is a pyrotechnic fuel. Its low 
ignition temperature with potassium chlorate and its 
production of gaseous reaction products makes it well 
suited for use in colored smoke compositions based 
on organic dyes. It is also occasionally used in blue 
star compositions. Lactose monohydrate is a natural 
sugar from milk. The solid matter in milk contains 
approximately 40% lactose monohydrate. It is white as 
a crystalline mass and white to off-white as a powder. 


Structural 
formula: 
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(d) = decomposes. 
a) Code for reference source, see preface. 
b) Value is for anhydrous lactose. 


Health information: TLV: none established; PEL- 
TWA: for nuisance dusts, 10 mg/m* (total dust) and 5 
mg/m? (respirable dust). 


Lactose is relatively non-hazardous in routine indus- 
trial situations. It is not expected to present significant 
health risks to the workers who use it. 


UN hazard classification: not regulated. 


LADYFINGER — An especially small firecracker usually 
supplied with its fuses braided together, as shown be- 
low (left). A ladyfinger is typically a little less than 
7/8 inch (22 mm) in length and a little less than 3/16 
inch (4 mm) in diameter, as shown below (right). 
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Powder as their explosive charge, witha clay end plug. 
Their fuses are often crimped into place by a con- 
striction of the casing as shown above. Today, lady- 
fingers are typically charged with flash powder. 


Individually, when charged with Black Powder, they 
made a small snapping sound, but when charged with 
flash powder and fired in large numbers, they are ca- 
pable of making a considerable display. One unusual 
use of ladyfingers is to mount strings of them securely 
on a sufficiently large firework wheel. Then, as the 
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strings are ignited and burned, the ladyfingers are 
dispersed in all directions as the wheel turns. 


LAMBERT — (Symbol: L)— A non-SI-unit for /uminance 
(i.e., brightness) that was named for Johann Lambert 
(1728-1777), a German mathematician, physicist and 
astronomer. 


1 lambert (L) = 1/m candela (cd) per cm? 
= 3183 cd/m* 


LAMBETTI- (Also lampi) — (Italian for ‘little lightning’) 
— A traditional aerial shell insert producing a report 
and a brilliant flash of light. These aerial-shell insert 
devices were originally designed like a saettine, which 
were composed of several turns of kraft paper, filled 
with flash powder and a layer of sawdust through 
which a length of black match has been inserted for 
ignition. Originally these devices were loaded with 
dark report composition and termed ‘bomba all oscuro’ 
(Italian for ‘dark bomb’), but when aluminum-based 
flash power came into common use, these shell-insert 
reports began to be described as lambetti. Eventually, 
the term lambetti came to be used for any flash report 
used as an aerial shell insert, irrespective of the de- 
tails of its construction. 


LAMINAC™ ~— A trade name for a plastic-binder material, 
an unsaturated polyester resin, used in some military 
pyrotechnic compositions (e.g., illumination flares). 


LAMINAR FLAME - See flame type. 


LAMINAR FLOW — A smooth flow ofa fluid in which 
there is no crossflow mixing of 
fluid particles between adjacent 
stream lines. Hence, a laminar 
flow can be conceived as being 
made up of multiple layers (i.e., 
laminae) of flow. If laminar 
flow exists around a body, the 
layers of flow closest to the 
body (i.e., the boundary layer) 
have lower velocities than those 
farther away, as illustrated at 
the right. (Contrast with turbu- 
lent flow.) 


Layer 


Distance above Surface 


Fluid Velocity 


LAMPA — See lampo. 


LAMPARE - (Also lampari) — An aerial shell that es- 
sentially combines a salute and a container of flam- 
mable liquid (ora flammable solid such as naphthalene 
flakes laced with Black Powder). It produces a display 
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similar to that of a ground gas mine special effect, al- 
beit high in the air. Two examples of the effect are 
shown below. First is a close-up of a lampare shell 
followed by three images of the effect spanning a 
time interval of 1.5 seconds. 


Photo credit: Anthony Lealand, Firework Professionals Ltd. 


Photo credit: Anthony Lealand, Firework Professionals Ltd. 


These devices may be constructed as illustrated below 
in cross section (shown without the lift charge or its 
manner of ignition). 


Titanium 
Flash Powder 


Plastic Bottle 


Flammable 
Liquid 


While lampare shells produce an interesting and unu- 
sual aerial effect, they also present additional potential 
hazards. Thus, it is important that they are constructed 
with great care. For example, because of the extreme 
inertial forces produced upon firing the device from a 
mortar (on the order of 1000 times the acceleration due 
to gravity), it is important that the container for the 
flammable liquid be sufficiently strong and fit snugly 
into a relatively heavy shell casing. 


Because of the substantially increased risk of injury 
to a person hand firing a lampare shell, it is consid- 
ered essential to fire this type of shell remotely. 
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LAMPBLACK — [C] — {CAS 1333-66-4} 


Lampblack has several important uses in pyrotechnics. 
Itis an amorphous form of carbon produced by burning 
low-grade heavy oil or similar carbonaceous material 
with insufficient air in a closed system so that the soot 
can be collected in settling chambers. Lampblack is a 
fluffy black powder of extremely small particles. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 3 mg/m’, inhalable 
dust; IARC-2B: possibly carcinogenic to humans, 
usually contaminated with known carcinogens such 
as polycyclic aromatic hydrocarbons. 


UN_ hazard _ classification: PSN: carbon, animal or 
vegetable origin; HC: 4.2 — spontaneously combustible 
(UN1361). 


Pyrotechnic uses: Some lampblack is electrically con- 
ductive and can be used as one component in bridge- 
wireless electric match compositions. A tiny percent- 
age (0.1%) of conductive lampblack is also quite ef- 
fective as a flow agent for materials such as sulfur 
(which clumps together because of electrostatic 
charges on its individual particles). 


Similarly, a tiny percentage (0.2%) of lampblack can 
effectively darken compositions. This has the effect 
of increasing the efficiency of radiative thermal energy 
feedback thus aiding in the ignition and propagation 
of pyrotechnic compositions. 


In fireworks: While lampblack is a low flammability 
fuel, its ability to substantially darken the color ofa star 
composition, even when present in a very small 
amount, can be an important aid to ignition and prop- 
agation. 


In comet compositions, although its particles are ex- 
tremely small, lampblack can produce very long last- 
ing, finely dispersed, dim orange (gold) sparks. (See 
spark duration, control of.) In some cases, lampblack 
is the only carbonaceous fuel, while in other cases a 
combination of lampblack and fine charcoal is used. 


In rocketry: Lampblack is used in a very small amount 
as an opacifier for composite rocket propellant grains. 
The darkening of the propellant that lampblack pro- 
vides improves the radiative thermal energy feedback 
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to the burning surface of the grain and thus accelerates 
the rate of surface burning. At the same time, it pre- 
vents infrared radiation energy from penetrating the 
propellant grain. Such penetration can cause premature 
ignition deep within the body of the propellant grain, 
possibly resulting in a catastrophic (i.e., explosive) 
failure of the rocket motor. 


Historical: Lampblack has long been used in firework 
compositions. It was used in Chinese flowerpot com- 
positions (producing a spur-fire effect) that were intro- 
duced into Europe in the mid-18" century. It was also 
used, in combination with potassium nitrate, to pro- 
duce pinkish-red flames. Later, it was used in colored- 
flame compositions based on potassium chlorate. Two 
early formulations for purple flames are presented be- 
low. 


Parts by Weight 


Formulation > 
Ingredient) Tt) | @ 


1) Chertier, 1843. 2) Dick, 1872. 


Based on the relatively small amount of lampblack 
being used, it would seem to have been used as a 
composition-darkening agent to aid in ignition and 
propagation. 


LAMPBLACK EFFECT — A firework star effect produced 


by a composition having a significant percentage of 
lampblack (commonly 10 to 40%). Lampblack stars 
can produce attractive, long, dense, finely divided or- 
ange (golden) spark trails. Because of lampblack’s 
extremely low bulk density, lampblack stars are 
lightweight and perform best in a relatively weak shell 
burst that makes use of free-falling stars such as wil- 
low effects, rather than hard-breaking chrysanthemum- 
style shells. 


Formulations producing this effect can be found in the 
entries for comet composition and Italian streamer. 


LAMPI — See lambetti. 
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LAMPO -— (Also lampo muto or lampa) — A shell insert 
consisting of a weak paper case loaded with a slow- 
burning flash powder made with relatively coarse 
magnesium. Because of the weak case, these inserts 
do not produce a loud report but rather a very bright 
flash. These inserts are described as ‘relampago’ in 
Spanish and have been traditionally used in rocket 
headings. 


LANCE — A _ thin-walled, 
small-diameter paper tube, 
approximately 3/8 inch in 
diameter by 4 inches long 
(9 by 100 mm), charged 
with a flame-producing py- 
rotechnic composition. 
Reportedly, the name lance 
is derived from the fanci- 
ful resemblance of a lance 
flame to the head of spear. 
Lances are, in essence, 
small flares used for creat- 
ing pictures, letters or de- 
signs (i.e., a lancework) in 
points of white or colored 
fire. A box of lance (typi- 
cally supplied as one gross, 
144 pieces) and some examples of individual lances 
are shown at the right. 


Modern lance typically burns for approximately one 
minute. In the past, commercial lance often burned 
for only 40 seconds. The lance tube is intended to 
burn away as the composition burns. Usually, each 
lance has a thin layer of pyrotechnic prime at its top 
end to assist in sealing in the loosely compacted com- 
position and help ensure ignition of the color-flame 
composition. After mounting, the tubes were tradi- 
tionally chain fused with quick match, but recently it 
is somewhat common to use Sticky Match™ (or its 
equivalent). 


The manufacture of high-quality lance is difficult, re- 
quiring special lance compositions that burn properly. 
A collection of lance formulations is presented in the 
lance composition entry. 


Lance tube filling: Lance tubes are filled and mildly 
compacted, either individually, using the funnel and 
rod method, or in mass, using some type of vibrating 


surface. A common practice uses a small amount of 


clay or fine sand as the first increment loaded into the 
lance tube (illustrated below in cross section). This can 
facilitate mounting the lance tube and, by varying the 
amount of filler, the total burn time of the different 
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colors of lance can be adjusted to a constant value, 
especially for compositions with different linear burn 
rates. The near simultaneous completion of burning is 
a most important feature of high-quality lance. 


Glue 


Double-Pointed Nail 
Prime Sand or Clay 


I 


Lance Lance 
Tube Frame 


Lance 
Composition 


After filling the tube with lance composition, a layer 
of prime is normally added. This may be a small in- 
crement ofa slurry prime (see prime application tech- 
nique). When this prime layer dries, it also helps seal 
in the relatively loosely compacted lance composition. 
As an alternative, an increment of dry prime compo- 
sition may be used. In this case, the dry prime com- 
position commonly contains a solvent-activated binder 
and the topmost layer of prime is dampened with that 
solvent (often alcohol). In this way, the underlying 
composition is sealed in place. With either method, it is 
useful if the dried prime does not become excessively 
hard or brittle. This is because, when it is to be ignited 
by quick match, the prime layer will need to be punc- 
tured by an awl or other sharp pointed tool after ap- 
plying the quick match and securing it in place. This 
puncturing produces a jet of fire from the quick 
match directly onto the prime composition. 


Special lance types: Occasionally, specialty lance is 
manufactured. These include strobe lance, which 
produces a strobe effect, typically using compositions 
based on magnalium and ammonium perchlorate. 
Another type of specialty lance is color-changing 
lance, which has layers of different compositions in 
the same lance tube. Thus, the color of the flame 
changes one or more times as the lance burns. These 
lances may include a dark-fire composition between 
the colored flame-producing layers, as illustrated be- 
low in cross section. This provides a period of little 
of no light being produced between the periods of 
colored-light production. Such lances are especially 
useful for lancework that transforms from one picture 
(or pattern) to another. Such lancework may be de- 
scribed as a transformation effect. 
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Sand or 
Clay 


Dark Fire 
Composition 


Lance 
Composition 2 


Lance 
Composition 1 


Such specialty lance is more labor intensive to manu- 
facture and is not commonly available commercially. 


Lance tube mounting: The most 
common method for mounting 


lance tubes for a lancework is il- 
lustrated above. In this instance, the 
lance tube has been pressed onto a 
double pointed nail (shown at the 
right) that was previously installed 
on a framework. (Double pointed 
nails are available commercially.) 


doer 
————— 
yee 


ys eT ; ies 
Se ei a ll 


A small tool is typically used to 
install the double pointed nails. The 
tool consists of a thin (42-inch or * 
smaller) metal rod with a small ax- 
ial hole, and it is usually mounted 
on a handle. The hole accepts the +! 
nail to a depth of approximately half its length. The nail 
can then be driven into the wood or rattan of a lance 
frame by simple hand pressure or by using a hammer, 
after which the tool is slid free of the nail. Newer 
methods use a pneumatic gun that fires headless pins. 
To complete the task, the lance tube’s bottom end is 
typically held in place by first dipping it into a shal- 
low pot of adhesive (e.g., white glue, carpenter’s glue 
or PVA glue) before pressing it onto the double- 
pointed nail. 


6 A 
aos can) GEG 


Most lancework designs combine straight and curved 
features. Often the straight portions of the design will 
use the wooden elements of the frame itself or spe- 
cially added thin pieces of wood, whereas the curved 
portions of the design will use relatively thin and 
somewhat flexible elements that have been bent to 
shape and attached to the wooden framework. Lances 
mounted on a frame before the quick match has been 
attached are shown farther below. 


Traditionally, lances have been mounted on lengths of 
rattan when curved features are to be used. When rattan 
is soaked in water for a sufficient time, it becomes 
quite flexible and can be easily bent to form letters or 
the curved lines of figures. Even script writing can be 
achieved in this way. Such lancework frames can often 
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be saved and reused for years. Other flexible materials 
can be used in place of rattan, such as plastic tubing. 


The appropriate spacing of the double-pointed nails 
along the lance design depends on the distance from 
which it will be viewed by spectators but spacing of 4 to 
6 inches (100 to 150 mm) is common. Typically, once 
the lance frame has been completed (and before the 
lances are installed), it is painted a dark color, to render 
it essentially invisible at night (not shown above). 


Lance ignition: The traditional method for igniting 
lance used in a lancework is to chain fuse the lances 
with quick match. One common method is shown be- 
low. In this case, the quick match has been secured to 
the top of each lance with short strips of 2-inch (50- 
mm)-wide packaging tape. The use of this type of 
tape works well to secure the fuse to the lances and is 
superior to the use of masking tape, which has the 
tendency to come undone, especially in hot weather. 


To help ensure the ignition of the lance being ignited 
with quick match, a thin pointed awl is used to poke a 
small hole through the tape and quick match into the 
top of each lance (not clearly shown above). In this 
way, when the quick match burns, a jet of fire pene- 
trates through the match pipe into the top of the lance 
and ignites its prime layer. As an alternative to poking 
holes, sometimes a staple gun (firing 4-inch, 6-mm, 
wide staples) will be used. These staplers occasional- 
ly can cause ignition of the quick match and lance 
because the stapler can generate incendive sparks (or 
possibly because the lance composition itself may be 
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sensitive to mechanical ignition). While some pyro- 
technists have used staple guns in this way for years 
without incident, it is prudent always to be prepared 
for an ignition. The use of staple guns in indoor situa- 
tions in the presence of other pyrotechnics has result- 
ed in fatal burn injuries. 


To ensure that the entire lancework is successfully and 
quickly ignited, it is common to include multiple inter- 
connected quick match segments when fusing the 
lancework. The first two letters of a lancework to wish 
someone HAPPY BIRTHDAY are illustrated below. 


— 


In this example, the green dots (size exaggerated) are 
lance tubes, the blue lines represent a minimalistic 
possibility for the quick match fusing. If the lance- 
work is ignited at the top left of the letter H (indicated 
by the black arrow) and all works as intended, all of the 
lances should eventually be ignited. If there were a 
failure at any of many points in the length of quick 
match fuse, a large portion of the lancework would 
fail to be ignited. If the lancework were fused as il- 
lustrated below, the total ignition of the lancework is 
essentially guaranteed and will occur in a fraction of 
the time. In this case, the red lines represent redundant 
quick match fusing of the lancework, which may be 
described as ‘safeties’. 
—_ 


Alternate mounting methods: Some lance 
tubes from Japan are made with their not-to 


be-ignited end filled with a cellulosic ma- 
terial resembling a cigarette filter, and it has 
a pair of thin flexible wires extending a short 
distance from its to-be-ignited end (as 
shown at the right). These lances can be 
stapled in position, through their non- 
pyrotechnic end, directly onto a lance frame. 
The wires from its other end can be twisted 
tightly around the especially thin paper cov- 
ering of Japanese quick match, holding the 
quick match in place against the pyrotech- 
nic end of the lance. These lances are de- 


Page 722 


signed to burn in a vertical position, with their ignition 
occurring on the downward pointing end. In this orien- 
tation, these lances burn for approximately one minute. 


Two timesaving lance accessories designed for use 
with conventional lance are shown below. On the left 
is an example of a metal clip, which can be used to 
secure the ignition fuse to the top of lance tubes. On 
the right is a section of flexible plastic lance tube 
holder that couples together to make an arbitrarily long 
string of lance tube holders. This can then be formed 
into the needed design and attached to a lance frame. 


Photo credit: Garry Hanson, Precocious Pyrotechnics 


The use of these two accessories is shown below. 


Photo credit: Garry Hanson, Precocious Pyrotechnics 


Another system for 
mounting lance tubes is 
shown at the right. In this 
case, the holders are made 
using a small-diameter 
rubber stopper into which 
a finishing nail has been 
inserted along with an op- == 
tional aluminum washer. #4944 / 
These lance tube holders “Shiga 
areheldinplaceonalance 4 : 
frame covered with %- ==qes 
inch (13-mm) hardware i 
cloth by forcefully inserting the lance tube holder in- 
to the desired location, as demonstrated below. 


A 
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LANCE COMPOSITION — The production of high- 
quality lance requires the use of compositions that are 
carefully formulated. Not only do they need to produce 
high-purity flame colors, they also need to produce 
only minimal smoke, consume the lance tube as they 
burn, produce visually comparable light intensity 
(from color to color) and have comparable burn rates. 


a aed ae When some lance compositions burn, the color can be 
The actual process of laying out a lancework design is quite good initially, but as the lances burn, a hollow 
shown below. cylinder composed of a dense, scoria-like ash forms. 
This may be described as a chimney effect, and it se- 
riously compromises the performance of the lances, 
both physically and chemically, in color output. High- 
quality lance compositions need to be formulated to 
avoid chimney formation. 


The set of lance formulations presented below date to 
about 1900 (Kentish, 1905). They include a combina- 
tion of a chlorate and sulfur, which by today’s stand- 
ards is considered unacceptably dangerous. The flame 
colors produced are red (1), yellow (2), green (3) and 
blue (4). 


With this system, the overall design can be easily seen Formulation —| Parts by Weight 
and optimized as needed by making small adjustments. Ingredient | (2) | (3) 
16/ 6] 8] 2 


Small pieces of paper have been used to flag the loca- Potasciin chlorate 


tions of lance tube ho lders for a lancework of a jack-o- annpcHarie eae eon ae seedheAda 3 od irrtsccniiel 


lantern, also shown below. 


Sodium oxalate 
Copper(Il) chloride— 
copper(II) hydroxide (1/3) ® 


a) Also known as copper oxychloride. 


More recent lance formulations are presented below 
(Ellern, 1968). The flame colors produced are red (5), 
Inrecent years, as a matter of convenience, a relatively yellow (6), green (7) and blue (8). 

new product, Sticky Match™ (or its equivalent) is of- 
ten used in place of quick match. Its use obviates the aaane ae ee pes Dae 
need to apply the short strips of tape used to secure ea eae = (7) | (8) 
the quick match to the ignition ends of the lance tubes. Potassium perchlorate 
Also, depending on the ignition characteristics of the 
prime on the lances, it eliminates the need to poke 
holes through the ignition fuse. (In some cases, it may 
still be desirable to break through the crust of the 
prime layer by poking a hole through it.) Because of 
the construction of Sticky Match, the product is mostly 
consumed as it burns and debris, such as smoldering 
quick match piping, is eliminated. (An example of 
Sticky Match fusing of lance is presented in the 
Sticky Match entry.) 


Copper(ll) acetate- 
Copper(Il) arsenite 
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White lance compositions may be made with a variety 
of oxidizers. Historically, they often contained anti- 
mony (III) sulfide or antimony powder, but these in- 
gredients are not essential to make high-quality white 
lance. A collection of white lance formulations (9 to 
13) is presented below. (Formulation 9 is considered 
unsafe by modern standards.) 


Formulation — Parts by Weight 


Ingredient | (9) 


9) Kentish, 1905. 10) Weingart, 1947. 
11 and 12) Hardt, 2001. 13) Lancaster, 2006. 


Ammonium perchlorate-based compositions have in- 
creased in popularity in recent decades. Such compo- 
sitions can produce excellent colors and can be formu- 
lated to produce little or no solid ash and minimal 
smoke as they burn. Ammonium perchlorate provides 
ample chlorine (in the form of hydrogen chloride) to 
produce the most desired molecular color emitters 
without the use of additional chlorine donors. On the 
other hand, there are problems associated with the 
use of ammonium perchlorate. These compositions 
cannot be primed with formulations containing a ni- 
trate, because it can react to form hygroscopic am- 
monium nitrate. Also, the production of hydrogen 
chloride is a problem if concentrated smoke is carried 
into spectator areas by the wind. The set of lance 
formulations presented further below are based on 
ammonium perchlorate, where the flame colors pro- 
duced are red (14), yellow (15), green (16), blue (17) 
and white (18). (Shimizu, 1976.) 


Two additional types of lance compositions need to 
be addressed. First (19) is a lance prime composition 
suitable for lance compositions made with any of the 
common oxidizers. Second (20) is a dark fire lance 
composition that produces little light as it burns, but 
it will ignite the lance composition below it in the 
lance tube. The ability to have some lance in the 
setpiece begin and/or stop light production at specific 
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Formulation — Parts by Weight 
ees 


times can be useful when lancework transforms from 
one image to another. 


Formulation —| Parts by Weight 
Ingredient | 


a) This amount can be adjusted to modify the burn 
rate of the composition. 


19 and 20) Hardt, 2001. 


LANCE TUBE — A small, usual- 
ly spiral-wound, thin-walled 
tube, approximately 3/8 inch 
in diameter by 4 inches long 
(9 by 100 mm), as at the 
right. A slow-burning col- 
ored-flame composition will 
then be loosely compacted 
into the tubes to make Jance. 


SeSentcl ee 


288 too, 
{380 aa5 


As a matter of convenience 
for loading composition into 
lance tubes, they are typically 
supplied with one end already 
closed, often using the tech- 
nique described as spin clos- 
ing (shown more clearly at 
the right). 


For convenience, lance tubes 
are often supplied in colors 
to match the flame color they 
will be used to produce. It is 
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also common for the tubes to have a thin coating of 
wax that provides a degree of moisture protection for 
the finished product. Lancework is almost always 
erected well before the start of a display and may be 
exposed to high humidity, dew or even rain before it 
is used. 


LANCEWORK -— A frame or other structure on which 
numerous lances are mounted to form a display when 
ignited. The subject matter for lancework is extremely 
varied and should be tailored to the audience. Cartoon 
figures, animals, vehicles, flags, slogans, artistic de- 
signs and more have been used successfully as lance- 
work. The single most common lancework design used 
in the US is the American flag. One of the better ex- 
amples is shown below, where a white waterfall has 
been attached to the bottom of the flag as an en- 
hancement. 


Photo Credit: Ron Dixon 


Usually, it is appropriate to keep the design of the 
lancework simple. In this way, spectators still recog- 
nize the design, but less smoke is produced because 
fewer lances are burned (and there is also a cost ad- 
vantage). For example, although quite simple in de- 
sign and totally lacking in detail, the design illustrated 
below is easily recognizable as a military tank and may 
even appear to be racing forward. 


A lancework dragon being prepared and during its 
subsequent firing (colors somewhat enhanced) are 
shown below. 
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Spectator interest can be substantially increased when 
even simple motion can be included in a lancework 
design. For example, in the dragon lancework, the 
dragon’s head is movable by pulling or releasing a 
cord attached to it. This allows the dragon to appear 
to rear back to blow fire into the air from a short- 
duration, unchoked gerb attached near its snout. Then 
the dragon’s head can be lowered to appear to blow 
fire on the ground, where a battery of small bee Ro- 
man candles has been placed. The bee candles appear 
to be ignited as a result of the dragon’s fiery breath. 
In this case, the bursts of fiery breath from the dragon 
and the small bee candle battery are ignited electrically 
by the pyrotechnician (who is invisible in the dark) 
operating the movement of the dragon’s head. 


Usually, lances are attached to rigid elements of the 
lance frame but, on occasion, other methods can be 
used. For example, in a portion of the above dragon’s 
neck, the lances were attached to a flexible water hose. 
This allowed a separate small-attached frame, com- 
posing the head of the dragon, to pivot without produc- 
ing gaps and overlaps in the overall lancework design. 


An even simpler way to add motion to a lancework is 
shown below. In this case, a sad jack-o-lantern (for a 
Halloween display) is turned into a happy pumpkin 
(as the aerial display is begun). This is accomplished 
by simply having the last three lances on each end of 
the pumpkin’s mouth attached to a small board with a 
pivot on the inner end, and a cord attached to the outer 
end. The frown is turned into a smile by simultaneously 
pulling upward on the pair of cords. 
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Another relatively simple way to add motion to a 
lancework is simply to move the whole frame along 
the ground. This may be done for lancework such as 
an old car or a steam locomotive. If the wheels are in 
contact with the ground and can freely rotate as the 
frame is pulled, it will add significant interest to the 
display. In the example shown below, the wheels ro- 
tate as the frame is pulled along the ground by an as- 
sistant (invisible in the dark). At the same, time puffs 
of smoke (from a series of small mortars with Black 
Powder charges) are puffed upward from its smoke- 
stack (not shown). 


A more demanding (and more difficult) way of intro- 
ducing motion to a lancework is shown below. In this 
case, a series of individual lance frames have been 
combined into a large one that is approximately 25 
feet (8 m) square. In its position on the ground, the 
lancework is not visible to spectators because of a 
thick stand of trees between them and the lancework. 
At night, the crane (which, in the darkness, also will 
not be seen) is used to raise the burning lancework, 
which will mysteriously appear to ascend and float 
high above the trees. 
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Lancework typically burns for about a minute, which 
can be a long time to hold the interest of spectators, 
even when motion is used. When a lancework can be 
made to tell a story of some type, it will hold their at- 
tention for a longer time. In the first scene (below), 
the outline ofa hot air balloon appears at ground level. 
Shortly thereafter, the gas burner of the balloon (a 
special flare) ignites. In the second scene, the balloon 
slowly rises about 25 feet (8 m) into the air (using 
ropes and overhead pulleys). In the third scene, an 
antique biplane appears to the left. In the fourth scene, 
the biplane fires its machine gun at the balloon (a series 
of silver stars from a Roman candle, simulated in the 
photograph). In the final scene, the wounded balloon 
quickly returns to the ground. 


Historical: Lancework originated with the early prac- 
tice of outlining buildings and specially constructed 
‘machines’ and ‘temples’ with points of white fire. 
This was originally produced with fireworks similar, 
if not identical, to portfires. Early in the 19" century, 
the French pyrotechnist Claude-Fortuné Ruggieri 
(1777-1841) described lancework that, apart from 
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distinctly inferior colors, would have stood comparison 
with that discussed above. 


Lancework is a rare example of most modern imple- 
mentations of a pyrotechnic concept being distinctly 
inferior to historical examples. The art of lancework 
reached its peak in the late 19""and early 20" centuries, 
with the enormous displays at the Crystal Palace in 
London. An example, from 1887, depicting “The Naval 
Review at Spithead’, (shown below) extended to over 
600 ft (183 m) in length and 100 ft (30 m) in height. 
Such lancework could include as many as 35,000 lanc- 
es connected by 2% miles (4.4 km) of quick match. 


Photo credit: Fitzgerald, 1896 


A much more modestly sized example (15 by 7 ft, 5 
by 2 m), involving a rather elaborate transformation, 
is shown below. This display was entitled “Coming 
from Covent Garden’. A contemporary description 
(Fitzgerald, 1896) stated: ‘After progressing peace- 
fully, if rather hilariously, for about 200 feet, the 
trouble commences, which is shown in the second il- 
lustration. There is a terrific explosion, and one lever 
causes the fiery donkey to kick up, while the other 
brings utter destruction to the barrow and its contents’. 


Photo credit: Fitzgerald, 1896 
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It is unlikely that such a display would be exhibited 
today, for two reasons. First, the time involved in its 
preparation would be prohibitive, and second, the ar- 
tistic skill required to design it would not be available 
to most providers of firework displays. At the time 
that such displays were regularly produced, one British 
firework company employed three full-time profes- 
sional artists for work of this nature. Furthermore, 
modern spectators, being only too familiar with col- 
ored motion pictures, television, and electrically il- 
luminated advertising signs, would possibly be less 
impressed with pictures in colored fire than were the 
spectators of over a century ago. Elaborate lancework 
is still produced, for example, in Mexico and in Malta, 
where fireworks are often associated with religious 
commemorations and celebrations and where the pur- 
suit of excellence in the art takes precedence over 
commercial considerations. 


LANDS — The raised portion between the grooves in the 
bore of a rifled gun tube. 


LAND SHARK (rocketry)— (Also Olympic torch, Roman 
candle or worm burner) — A rocket that failed in such a 
manner that it ends up on the ground while still under 
power. Upper stages of unstable multi-stage rockets as 
well as heavy, high-power rockets with long-burning, 
low-thrust motors sometimes exhibit this dangerous 
malfunction. 


LANGLIE TEST — A method of sensitiveness testing 
developed in the 1960s to overcome the dependence of 
the Bruceton method (see sensitiveness test protocol) 
on the choice of step size. The experimenter must 
specify lower and upper stress limits, with the first 
test being conducted at a level midway between the 
two limits. This is less susceptible to variation in ef- 
ficiency caused by inaccurate test design. As com- 
pared to earlier methods, the Langlie method is most 
efficient when the upper and lower limits are +4 
standard deviations from the mean. 


LANTERN (fireworks) — See sky lantern. 


LAOS AND THAILAND ROCKET FESTIVAL — See 
rocket festival, Thailand and Laos. 


LARGE LEAD-CYLINDER TEST and LARGE LEAD- 
BLOCK TEST - See explosive output test (Trauzel test). 


LARGEST AERIAL SHELL -— See firework, largest. 


LARGEST FIREWORK — See firework, largest. 
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LASER ALTIMETER -— See altimeter (laser altimeter). 
LATENT HEAT -— See enthalpy of transformation. 


LATTICE COMPOUND — (Also addition compound) — 
Chemicals consisting of two or more compounds com- 
bined within a crystal lattice. These include many min- 
erals, for example atacamite [CuCl2-3Cu(OH)2]. This 
same substance is used in pyrotechnics as a blue 
flame color agent under the common name copper 
oxychloride. The crystalline structure of this substance 
is composed of a consistent arrangement of one cop- 
per(II) chloride unit [CuCl] and three copper(II) hy- 
droxide units [3Cu(OH)2]. 


The IUPAC nomenclature for lattice compounds is to 
name each component compound, join them with an 
em dash (—) and then append a parenthesis with 
numbers showing the ratio of each component, sepa- 
rated by a solidus (forward slash, /). Thus, the formal 
name for copper oxychloride [CuCl2-3Cu(OH)2] is 
copper(II) chloride—copper(II) hydroxide (1/3). 


If one of the components of the lattice compound is 
water, the older practice of using the suffix hydrate is 
still acceptable (and is used in this text). For example, 
CuSO4:5H20, which, in the new IUPAC system, 
would be named copper(II) sulfate—water (1/5) can 
continue to be described as copper(II) sulfate pentahy- 
drate. 


The older practice of naming lattice compounds con- 
taining a metal hydroxide as ‘basic’ is not approved by 
IUPAC (and is not used in this text). For example, basic 
copper carbonate (sometimes referred to simply as 
copper carbonate) is a common name in the pyrotech- 
nic literature for CuCO3-Cu(OH)2. The confusion that 
can result from the use of this name is evident from the 
fact that it could refer to two different compounds: 
the bluish-green mineral malachite [CuCO3-Cu(OH),2] 
and the blue mineral azurite [2CuCO3-Cu(OH)2]. The 
current IUPAC names for these are copper(II) car- 
bonate—copper(II) hydroxide (1/1) and copper(I) 
carbonate—copper(II) hydroxide (2/1), respectively. 


LAUGHING GAS — See nitrous oxide. 


LAUNCH ANGLE — The angle between a rocket’s longi- 
tudinal axis and the vertical. In the interest of safety, 
the rocket should be tipped slightly from the vertical, 
in the direction opposite from the observers, but in no 
case, should it be more than 20 degrees from the ver- 
tical for high-power rockets or 30 degrees from the 
vertical for model rockets. 
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LAUNCH AREA — See launching area. 


LAUNCH CONTROL OFFICER — (Abbreviated LCO) — 


The person responsible for controlling the launch sys- 
tem and actually launching each rocket. The duties of 
the LCO are performed under the direction of the range 
safety officer (RSO), who is the safety monitor with 
overall responsibility for the safe operation of the 
launch range. In the case of small launches, the LCO 
and RSO duties may be performed by the same person. 


LAUNCHER (amateur rocketry) — A device (taking 


many forms) used to guide a rocket in the desired di- 
rection until sufficient velocity is attained such that 
its fins can provide aerodynamic stabilization. The 
rocket is typically launched at an angle against the 
wind for its easier retrieval (i.e., the rocket will land 
closer to the launch point). The velocity of the rocket, 
when it leaves the launcher, must be at least 4 times 
the velocity of the cross wind, and the static stability 
margin must be in the range of 1 to 3 to minimize 
weathercocking of the rocket. 


launch lug — A tube attached to the body of a rocket 
that slips over the launch rod to provide guidance for 
the rocket until it has achieved velocities sufficient to 
provide aerodynamic stabilization from its fins. In the 
photographs below, the rocket’s launch lug is identi- 
fied by red arrows and the launch rod with a yellow 
arrow. 


There may be one or more launch lugs on a rocket. 
There are other launch methods, but all must provide 
guidance and support until the fins become effective. 


launch lug standoff — A pylon on which a launch 
lug is mounted to prevent the launch rod from binding 
on rocket components. 
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launch pad — The base used to support a rocket pri- 
or to its launching, including the launch rod, rail or 
other means of guiding and supporting the rocket until 
its velocity is great enough for its fins to be effective. 
The launch pad must be strong and rugged enough to 
withstand the thrust produced by the rocket motor(s). 
It should include a flame deflector to direct exhaust 
gases away from the ground. 


launch rail — A type of launcher meant to be more 
rigid than a round rod. It may be cylindrical, rectan- 
gular or triangular in cross section with a hollow core. 
Usually, a longitudinal slot in the rail accepts the 
guidance fixtures on the rocket. One form of launch 
rail is composed of a T-shaped beam, which slides in 
rail guides attached to the body tube of the rocket. 


launch rod — A stiff rod used in combination with 
one or more launch lugs mounted on the side of a 
rocket that provides aerodynamic stability during 
launch until the rocket achieves velocity sufficient for 
its fins to become effective in providing the needed 
stability. See the launch lug entry (above) for a pho- 
tograph of a launch rod. 


launch tower — A very substantial launcher needed 
to guide large, high-power and advanced high-power 
rockets during their launch. An example is shown be- 
low. 


Photo Credit: Mark Coffin 


Here a model of the X15 (using multiple M motors) 
has been secured to the launch tower, which the 
launch crew is in the process of erecting. 


The term launch tower also describes an arrangement 
of 3 or 4 smooth metal bars held rigidly parallel and 
oriented vertically to guide the initial flight of a rocket. 
The advantage of this type of launcher for small 
rockets is that does not require the rocket to have 
launch lugs. The rods are held in place with brackets 
or hoops and adjusted such that the airframe of the 
rocket is held in place between the rods, but the fins 
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can pass through without contacting the rod supports. 
Two examples of this type of launch tower are shown 
below. 


Photo Credits: Alan Whitmore and Neil Streeter 


An example of how the aluminum guide rods can be 
adjusted to fit the rocket’s airframe (white) is shown 
below. 


Photo Credit: Giant Leap Rocketry 


In this case, long bolts with nuts (and wing nuts) can 
be used to move the guide rods in and out. The 
guides are similarly held and adjusted at the top of 
the tower as well (not shown). 
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LAUNCHING AREA — (Also launch area) — An area 
designated by the range safety officer (RSO) in which 
amateur rockets are placed on a launching device and 
ignited. 


LAUNCHING TUBE (fireworks) —See mortar (fireworks). 


LAUNCH: LUG, LUG STANDOFF, PAD, RAIL, ROD and 
TOWER — See /auncher. 


LAVAL NOZZLE — See deLaval nozzle. 


LAW OF DEFINITE PROPORTIONS and LAW OF 
CONSTANT PROPORTIONS — States that a chemical 
compound always contains the same elements com- 
bined in the same proportions by mass. This observa- 
tion was first made by the French chemist Joseph 
Proust (1754-1826) based on experiments conducted 
between 1797 and 1804. 


LAW OF MULTIPLE PROPORTIONS — A law proposed 
by the English chemist, meteorologist and physicist 
John Dalton (1766-1844), which states that when el- 
ements combine, they do so in the ratio of small whole 
numbers. For example, carbon and oxygen react to 
form CO (1:1) or COz2 (1:2), but not CO1.s (1:1.8). 


LAW OF VOLUMES - See gas laws (Charles’ law). 


lb — Symbol for pound; an English unit of either force or 
mass, now obsolete almost everywhere but still pre- 
dominant in the US. A pound force is the gravitational 
force acting on a mass of one pound at the surface of 
the earth. 


Ibr — (Also 1b) — Symbol for pound force. 
Ibt = 4.448222 newtons (N) 

Ibm — (Also lb) — Symbol for pound mass. 
1 lbm = 0.45359237 kilograms (kg) 


LCso — Symbol for lethal concentration 50%. See toxi- 
cology regulatory term (median lethal concentration). 


LCD — Abbreviation for liquid crystal display. 
LCO — Abbreviation for /aunch control officer. 


LCO2 FOG MACHINE - See fog machine (cryogenic 
fog machine). 


LDso0 — Symbol for lethal dose 50%. See toxicology 
regulatory term (median lethal dose). 
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LDRS -— An abbreviation for the annual high-power 
rocketry sport launch sanctioned by the Tripoli Rock- 
etry Association. LDRS is reputed to stand for Large 
and Dangerous Rocket Ships. 


LEAD — (Pronounced léd ‘leed’) — An explosive train 
component used to transfer a detonation from one 
place to another. 


LEAD-ACID BATTERY -— See battery, electrical. 


LEAD(II) AZIDE — [Pb(N3)2] — {CAS 13424-46-9} 


Lead(II) azide is a primary high explosive; the lead 
salt of hydrazoic acid. It is used in detonators and in the 
manufacture of small-arms primer compositions. It is a 
substitute for mercury(II) fulminate. Lead(II) azide is 
produced by the double-decomposition reaction of 
sodium azide [NaN3] and lead nitrate [Pb(NO3)2] in 
aqueous solution: 


2 NaNa(aq) + Pb(NO3)2(aq) > 
Pb(N3)2(s) + 2 NaNO3(aq) 


The use of lead(II) azide is unacceptable, by modern 
standards, because of the toxicity of lead compounds. 
It is white to buff-colored as crystalline needles or as 
a powder. 


Structural 
formula: 


Characteristic 


Formula weight 291.2 g/mol 


[N- = NPS NI Pb?* [N- = Ne N-] 


(e) = explodes. 
a) Code for reference source, see preface. 
b) Ata density of 3.8 g/cm?. 


Health information: TLV-TWA: 0.05 mg/m? (as Pb); 
IARC-2A: possibly carcinogenic to humans. Lead(II) 
azide is highly toxic. 


UN hazard classification: PSN: lead azide, wetted with 
not less than 20% water or mixture of alcohol and 
water, by mass; HC: 1.1A — explosive 1.1 (UN0129). 


LEAD BLOCK TEST — See explosive output test (Hess 
test) and (Trauzel test). 
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LEAD(II) CHLORIDE — [PbCl2] — {CAS 7758-95-4} — 
(Also plumbous chloride or lead dichloride) 


Lead(II) chloride was used as a chlorine donor, as a 
substitute for the more costly mercury(I) chloride 
(calomel), in some 19"-century fireworks. Its use is 
unacceptable by modern standards because of the 
toxicity of lead compounds. Lead(II) chloride is a 
white crystalline solid or powder, soluble hot water 
but very sparingly soluble in cold in water. 


Historical: A collection of formulations that include 
lead(II) chloride is presented below (Tessier, 1859). 
Formulations 1 to 3 are for green, blue and lilac lance 
compositions (respectively) and formulations 4 to 8 
are for red, green, blue, violet and lilac star composi- 
tions, respectively. All are unacceptably dangerous 
by modern standards. 


Formulation —}| Parts by Weight 
Ingredient | (2) 


1) Described as a pure, uniform and pretty green. 
2) Described as a deep blue with perfect combustion. 


3) Described as having a brilliant, elongated flame, but a 
little pinkish. 


Formulation > Parts by Weight 
ingtecienty 
4 | 4 : [ fi J | gL ) 


4) Described as a beautiful brilliant crimson. 
8) Described as admirable in color and brilliance. 


LEAD DICHLORIDE — See /ead(II) chloride. 
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LEAD DIOXIDE - See /ead(IV) oxide. 
LEADER, FIREWORK — See shell leader. 
LEADER REPAIR — See repairing aerial shell leader. 


LEAD MONONITRO-RESORCINATE — [PbCi2HsN2Os] 
— {CAS 51317-24-9} — (Abbreviated LMNR) — (Also 
dihydroxy-nitrobenzene lead salt) — There is much 
confusion and disagreement in the literature concern- 
ing LMNR. This is because there are a range of isomers 
of LMNR and different forms, some having carbon 
nitration and others oxygen nitration. 


Lead mononitro-resorcinate is an initiating explosive 
that is often used as the bridgewire composition in 
electric matches. Even though only a tiny amount is 
used as the first dip in an electric match, an effort is 
being made to replace it because of the toxicity of 
lead compounds. 


Structural formula: 
(see benzene ring) 


Characteristic Value (a) 


a) Code for reference source, see preface. 


Hazard: Explosive; IARC-3: unclassifiable as to car- 
cinogenicity. 


LEAD MONOXIDE — [PbO’] — A reaction product ex- 
pected to occur as a gaseous free radical in flames of 
compositions containing lead compounds. The lead 
monoxide free radical is an electronically excited 
form of lead(II) oxide vapor. Molecular emission 
bands from lead monoxide probably contribute to the 
white light emitted by pyrotechnic compositions con- 
taining lead compounds. 


In the past, solid lead(II) oxide was also described as 
lead monoxide. 


LEAD(II) NITRATE — [Pb(NO3)2] — {CAS 10099-74-8} 


Lead(II) nitrate is occasionally used as an oxidizer but 
is commonly used in the preparation of lead(I]) azide, 
an important primary high explosive. Lead(II) nitrate 
was an important component of many late-19" century 
firework compositions, in which it served as an oxidiz- 
er and flame color agent, producing a white flame col- 
or. The use of lead(II) nitrate is unacceptable by mod- 
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ern standards because of the toxicity of lead com- 
pounds. It is colorless as crystals; white as a powder. 


[Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.05 mg/m’; [ARC- 
2A: possibly carcinogenic to humans. 


UN hazard classification: PSN: lead nitrate; HC: 5.1 — 
oxidizer, 6.1 — poison inhalation hazard (UN1469). 


Historical: A collection of formulations that include 
lead(II) nitrate are presented below. Formulations 1 to 
3 are for white stars, white stars without sulfur and 
white flames, respectively. Formulations 4 to 6 
(Tessier, 1859) are for green lances, blue lances and 
plumbic powder. All are unacceptably dangerous by 
modern standards. 


1 Described as being extraordinarily brilliant, Hutstein, 
1878. 


2 and 3) Chertier, 1843. 


Formulation —| Parts by Weight 
Ingredient | 
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a) Plumbic powder was used in compositions for pin- 
wheels. These compositions were produced by pro- 
cessing the plumbic powder composition in a ball mill 
and then mixing it with iron or steel filings or fine steel 
wool. 

Also known as Alder Buckthorn or Black Dogwood 
(Frangula alnus or Rhamnus frangula). 


b 


~~ 


LEAD(II) OXIDE — [PbO] — {CAS 1317-36-8} — (Also 


plumbous oxide, lead protoxide, lead monoxide, yel- 
low lead oxide, massicot or litharge) 


Lead(I) oxide is a high-temperature oxidizer. Vari- 
ously powdered forms were once used in pinwheels 
and gerbs as spark-producing agents. Lead(II) oxide’s 
use is unacceptable by modern standards because of 
the toxicity of lead compounds. It is a yellowish or 
reddish-brown powder that transitions to a yellow 
powder when heated. 


a) Code for reference source, see preface. 


b) Density changes to 9.64 when it is heated to 489 °C, 
where it phase-transitions to massicot. 


c) When heated to 489 °C, it phase-transitions to massi- 
cot, which melts at 887 °C. 


Health information: TLV-TWA: 0.05 mg/m?; IARC- 
2A: possibly carcinogenic to humans. 


UN hazard classification: PSN: lead compounds, sol- 
uble, n.o.s. (lead(II) oxide); HC: 6. 1 — toxic sub- 
stances (UN2291). 


Historical: Three formulations that include lead(II) 
oxide are presented below (Chertier, 1843). Formula- 
tion 1 is for radiating fire for turning jets of all calibers 
and for pinwheels. Formulation 2 is for brilliant fire 
for fixed jets of all calibers, and formulation 3 is for 
pinwheels. 


Formulation —} Parts by Weight 
Ingredient | (1) | (2) | (3) 


a) Coarse and fine. b) Coarse. c) Fine. 


Encyclopedic Dictionary of Pyrotechnics 


LEAD(II,II,IV) OXIDE — [Pb30,4 or (PbO-PbO-PbO2)] — 
{CAS 1314-41-6} — (Also red lead, trilead tetraoxide 
or minium) — This is a compound of lead(II) oxide 
[PbO] and lead(IV) oxide [PbO]. 


Lead(ILU,IV) oxide is an oxidizer with important 
current and historical pyrotechnic uses. It is orangish 
to bright red as an amorphous powder. Upon heating, 
it changes color to violet and black; on cooling it 
changes back to red. 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.05 mg/m? (as Pb); 
IARC-2A: possibly carcinogenic to humans. 


UN hazard classification: PSN: environmentally haz- 
ardous substance, solid, n.o.s. (red lead); HC: 9 — 
Class 9 (UN 3077). 


In fireworks: Lead(IL,II,[V) oxide was commonly used 
to make crackling microstars (i.e., dragon’s eggs); it 
is also occasionally used to make special, hot-burning 
primes. For example, lead(II,I,IV) oxide is combined 
with ferrosilicon to make a prime described as red 
thermit, which is used in Japanese fireworks as a first 
fire for compositions that are difficult to ignite. It is 
also used to produce orange fire dust in combination 
with other compositions. Historically, it was used as 
a component of compositions to generate white flames. 
Its use is unacceptable by modern standards because 
of the toxicity of lead compounds. 


In_explosives: Lead(ILII,IV) oxide is used in the 
manufacture of some types of igniter cord. 


Historical: In 19"-century pyrotechnics, lead(ILILIV) 
oxide was used to produce attractive white flame ef- 
fects. Three examples are presented below. Formula- 
tion 1 is for white stars, described as one of the most 
beautiful. Formulation 2 is for a pure white flame, 
described as magnificent. Formulation 3 is for a pure 


white flame, said to be of greater illuminating power 


than 2. 
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Formulation —| Parts by Weight 
edi 


1 and 2) Chertier, 1843. 3) Browne 1888. 

LEAD(IV) OXIDE — [PbO ] — {CAS 1309-60-0} — (Also 
brown lead oxide, lead dioxide, anhydrous plumbic 
acid, lead peroxide or lead superoxide) 


Lead(IV) oxide is an oxidizer occasionally used in 
match compositions. Its use is unacceptable by modern 
standards because of the toxicity of lead compounds. 
Lead(IV) oxide is a dark brown powder. 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.05 mg)/m’ (as Pb); 
IARC-2A: possibly carcinogenic to humans. 


UN hazard classification: PSN: lead dioxide; HC: 5.1 
— oxidizer (UN1872). 


LEAD PEROXIDE - See /ead(IV) oxide. 


LEAD-SPITTER FUSE IGNITER — See fuse igniter, 
blasting safety (lead-spitter fuse igniter). 


LEAD PROTOXIDE — See /ead(II) oxide. 


LEAD STYPHNATE and LEAD SALT OF STYPHNIC 
ACID — See /ead trinitro-resorcinate monohydrate. 


LEAD SUPEROXIDE — See /ead(IV) oxide. 
LEAD TETRAOXIDE -— See /ead(II, IT, IV) oxide. 


LEAD THIOCYANATE — [Pb(SCN)2]— {CAS 592-87-0} 


Lead thiocyanate is a pyrotechnic fuel once used in 
matches, where its use is unacceptable by modern 
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standards because of the toxicity of lead compounds. 
Lead thiocyanate has also been used in electric match 
compositions. Lead thiocyanate is a pale yellow crys- 
talline solid or powder, sparingly soluble in water. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.05 mg/m? (as Pb); 
IARC-3: unclassifiable as to carcinogenicity. 


UN hazard classification: PSN: lead compounds, sol- 
uble, n.o.s. (lead thiocyanate); HC: 6.1 — toxic solid 
(UN2291). 


LEAD TRINITRO-RESORCINATE MONOHYDRATE — 
[Pb2Cs6H3N307] {CAS 15245-44-0} — (Also lead 
2,4,6-trinitro-m-phenylene dioxide, lead styphnate or 
lead salt of styphnic acid) 


Lead trinitro-resorcinate is a primary high explosive 
used in some special effect bullet hits. It is also used 
in small-arms primers and detonators, often in com- 
bination with lead(II) azide to facilitate its ignition. 
Effort is being made to replace these lead compounds 
because of their toxicity. Lead trinitro-resorcinate is 
yellow to dark brown as crystals. 


Structural formula: 
(see benzene ring) 


Characteristic | Value [vay 


(e) = explodes. 
a) Code for reference source, see preface. 
b) Ata density of 2.9 g/cm?. 
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Health information: TLV-TWA: 0.05 mg/m? (as Pb); 
IARC-3: unclassifiable as to carcinogenicity. 


UN_hazard_ classification: PSN: lead trinitro-resor- 
cinate; HC: 1.1A — explosive 1.1 (UN0130). 


LEAD TUBE METHOD —- See VOP determination, 


method for. 


LEAD WIRE - See firing line, blasting. 


LE CHATELIER’S PRINCIPLE — In simple terms, this 


principle, named for French chemist Henri Le Cha- 
telier (1850—1936), states that a chemical system in 
equilibrium responds to an external stress in a manner 
that tends to relieve the stress. For example, consider 
the reaction of an acid such as acetic acid [HC2H302] 
with water to form hydronium ions [H30"] and acetate 
ions [C2H3O> ]. Because acetic acid is a weak acid, 
this reaction only proceeds to a limited extent and is 
reversible: 


HC,H302. +H.0 <> H;0* + C,H30. 


If the hydronium-ion concentration is increased by of 
the addition of a small quantity of a strong acid, the 
acetic acid equilibrium will be shifted to the left, to 
some extent counteracting the addition of the acid. In 
the process of consuming some hydronium ions from 
the acid, the concentration of the acetate ion 
[C2H30> | will decrease and the undissociated acetic 
acid concentration will increase. 


If the hydronium-ion concentration is reduced by the 
addition a small quantity of a base, the acetic acid 
equilibrium will be shifted to the right, to some extent, 
counteracting the decrease in hydronium-ion concen- 
tration. In the process of producing more hydronium 
ions, the concentration of the acetate ion will increase 
and the undissociated acetic acid concentration will 
decrease. 


Le Chatelier’s principle can be used to help understand 
how flame chemistry can be manipulated, shifting 
chemical reactions to help produce more of a desirable 
color species and to produce less of those species that 
weaken color purity. (See color-flame chemistry.) 


LED — Abbreviation for light-emitting diode. 
LEDC — Abbreviation for /ow-energy detonating cord. 


LEGAL LOOK-ALIKE EXPLODING FIREWORK (US) — 


See exploding ground firework (US), legal look-alike. 
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LEGAL LOOK-ALIKE EXPLODING GROUND FIRE- 
WORK (US) — See exploding ground firework (US), 
legal look-alike. 


LEG WIRES — The electrical wires pre-attached by the 
manufacturer to an electric match (illustrated below in 
cross section) or to a detonator. These wires vary in 
length and are used to connect to electrical firing lines 
and equipment. 


Lacquer Coating 


High Resistance 
Bridgewire 

(am) -—— Pyrotechnic 

Compositions 


Non-Conductive 
Substrate 


Copper Foil 


Solder 
Copper Wire 
Leg Wire 
Side View Frontal 
Cross Section View 


Internally the leg wires connect to the bridgewire of the 
electric match, usually through conductive metal foil. 


LEL — Abbreviation for lower explosive limit. 


LENGTH, CHARACTERISTIC — See characteristic 
length. 


LETHAL CONCENTRATION 50% — (Abbreviated LCso) 
— See toxicology regulatory term (median lethal con- 
centration). 


LETHAL CONCENTRATION AND TIME — See toxicology 
regulatory term (median lethal concentration). 


LETHAL DOSE 50% — (Abbreviated LDso) — See toxi- 
cology regulatory term (median lethal dose). 


LEWIS DOT STRUCTURE -— A diagram showing the 
outer-shell electrons of an atom (often described as 
the valence shell). American physical chemist, Gilbert 
Newton Lewis (1875-1946), demonstrated how such 
dot structures are often useful in predicting the 
charge on ions and the structure of molecules. 


The Lewis dot structures for the first three periods of 
chemical elements are illustrated below. In each case, 
there is one dot for each outer electron in the atom. 
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(For information on the arrangement of electrons in 
atoms, see guantum theory.) 


H° He: 


Atoms of the elements illustrated above have a strong 
tendency to form chemical bonds if, in so doing, they 
can either completely empty or completely fill their 
outer shells of electrons. 


When two reacting atoms have a large electronega- 
tivity difference, they form ionic bonds, wherein one 
atom loses one or more electrons and the other atom 
gains one or more electrons. Two examples are illus- 
trated below. 


Na-+ Cl} —> Nat + C1? 


(NaCl) 
Mg’ + 2?F? —> Mg” 42°F 5 (MgF,) 


In the first case, resulting in the formation of sodium 
chloride [NaCl], the single outer electron of each so- 
dium atom is transferred to a chlorine atom with the 
result of each atom becoming an ion (sodium is charged 
positive one unit and chlorine is charged negative one 
unit). Accordingly, each sodium atom needs to com- 
bine with only one chlorine atom. In the second case, 
the formation of magnesium fluoride [MgF>], each 
magnesium atom has two outer electrons, but each 
fluorine atom can only accept one. Accordingly, each 
magnesium atom must combine with two fluorine at- 
oms in the formation of magnesium fluoride. 


When two reacting atoms have only a small electro- 
negativity difference, they form covalent bonds, 
wherein the two atoms share one or more pair of 
electrons in an attempt to fill their outer shells. Three 
examples are illustrated below. 


. Hydrogen 
H° + H > HOH Molecule 
2 eee Ee: Hydrogen 
ES Pa ee HOF Fluoride 
H 
Ge | 
-N? +3H° —>H@NG@H Ammonia 


In the first case, the way for a hydrogen atom to fill its 
outer shell (requiring two electrons) is for two hydro- 
gen atoms to combine (by each sharing one electron) to 
form a hydrogen molecule [H2]. The second example 
is the reaction of hydrogen and fluorine atoms to 
form a hydrogen fluoride molecule [HF]. Again, each 
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can share one electron and thus each fills its outer 
shell (two electrons for hydrogen and eight electrons 
for fluorine). The third example is the reaction of hy- 
drogen and nitrogen to form an ammonia molecule 
[NH3]. In this case, the nitrogen atom needs to share 
three electrons to fill its outer shell, but hydrogen can 
share only one electron. Accordingly, it requires three 
hydrogen atoms for each nitrogen atom for all atoms 
involved to achieve full outer shells of electrons. 


LEXFOAM™ — See foam explosive. 
LFL — Abbreviation for lower flammability limit. 


LICENSE — The official approval granted by a govern- 
mental entity for an individual or a business to con- 
duct specified activities. Laws and regulations require 
that a licensed individual or company comply with 
specific provisions, often codified in the form of reg- 
ulations. 


LIFEBOAT MATCH — See match, lifeboat. 
LIFEBUOY MARKER — See marine signal. 
LIFT (noun) — See /ift charge and aerodynamic lift. 


LIFT (verb) — To place a /ift charge beneath an aerial 
shell or other projectile. 


LIFT, AERODYNAMIC — See aerodynamic lift. 


LIFT BAG — (Also lift cup) — A container that encloses 
the lift charge for an aerial shell, comet or mine. To- 
day, lift bags are commonly made of paper and are 
attached directly to the bottom of the projectile. In- 
ternally, the actual Black Powder lift charge may be 
further contained within a plastic bag, as illustrated 
below in cross section (left). The plastic bag (usually 
polyethylene) is useful in providing moisture protec- 
tion for the lift charge. 
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On rare occasion, the lift bag may be separate from 
the projectile. In that event, the lift bag will be loaded 
into the bottom of a mortar and the projectile carefully 
loaded on top of it. 


Usually, lift bags are equipped with a method of igni- 
tion (e.g., with an attached shell leader or an electric 
match). In the orient, a lift bag will sometimes be thin 
enough that the contained lift charge is relatively eas- 
ily ignited through its paper covering (see aerial-shell 
firing, traditional Japanese). 


LIFT CHARGE — (Also lift powder, lifting charge or lift) 


— A suitable propellant (typically granulated Black 
Powder) positioned beneath an aerial shell, comet or 
mine (illustrated below in cross section) that is used 
to propel the item into the air and ignite the time fuse 
or prime on the device. An exception is for top-fused 
aerial shells, in which the lift charge does not ignite 
the time fuse. 


——— Quickmatch 
Shell Leader 


we Paper Wrap 


Top Disc 


Solid Pressed 
Comet Star 


Bottom Disc 
Fuse —” 
Lift Charge 


When ignited in the confined space of a mortar, the 
lift charge produces the high pressure needed to force 
the projectile into the air. For an aerial shell, the lift 
charge is normally contained in a small plastic bag 
and attached to the shell with a paper covering (1.e., a 
lift bag). The lift charge is ignited by the shell leader 
or an electric match inserted into it. (For a table of 
typical lift charge quantity and granulations, see aerial 
shell lift charge weight.) 


The burning characteristics of Pyrodex™ and various 
smokeless powders are not suitable for use as lift 
charge for firework shells because of the relatively 
loose fit between the shell and the mortar compared 
with projectiles fired from modern weapons. Some cur- 
rently produced Black Powder substitutes (e.g., Amer- 
ican Pioneer Powder) work as lift charge, but their 
relatively high cost has prevented their common use. 


Recent work by Speer et al. has demonstrated that a 
mixture of 50% catalyzed Pyrodex and 50% double- 
base smokeless powder (32% nitroglycerin) performed 
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as an effective lift charge. This required the use of a 
specially designed mortar having less than usual 
clearance between the shell and the mortar and with a 
purpose-designed breach to accommodate the propel- 
lant. The great advantage of the new propellant was 
the reduction of solid emission (i.e., smoke) to about 
3.5% of that produced with conventional Black Powder 
propellant. 


LIFT CHARGE WEIGHT — See aerial shell lift charge 
weight. 


LIFT COEFFICIENT (rocketry) — (Symbol: C,) — A re- 
lationship between the lift force (Z) to the product of 
the dynamic pressure on the lifting surface (qg) and the 
area of the lifting surface (S), expressed mathemati- 
cally as: 


L 


a 
L q:S 


Lift (and the lift coefficient) increase with increasing 
angle of attack if dynamic pressure and surface area 
remain constant. When airflow over the upper surface 
separates (with increasing angle of attack), the sur- 
face is said to have stalled and the lift coefficient de- 
creases. For a symmetrical airfoil (most often used in 
fin-guided rockets), the lift coefficient is equal to the 
slope of lift curve (a, in degrees) times the angle of 
attack in degrees (a): 


C,=a-a 


The theoretical value is 0.1095 per degree for all air- 
foils. In practice, most airfoils have a value within 
10% of this number. 


LIFT CUP — See /ift bag. 


LIFT DISK — (Also separator disk) — A flat or concave 
separator typically used in firework mines (and some- 
times with comets and preloaded aerial shells) be- 
tween the lift charge and the projectile(s). Its posi- 
tioning for a consumer firework mine is illustrated 
below in cross section. 


Flat lift disks are typically made of chipboard, much 
like an end disk; concave lift disks are typically made 
of tag board, much like an end plug. Examples of lift 
disks suitable for a 1’4-inch (37-mm) consumer fire- 
work mine are shown farther below. 
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Integral 


Mortar ~~] 


Top Disk 


Stars 


Lift Disk 
Fuse ——" 
Lift Charge 


The diameter of lift disk is very slightly larger than 
the inner diameter of the mortar tube in which it is in- 
tended to be used. This allows it to be sufficiently 
wedged in place to hold its position. 


To some extent, a lift disk helps to keep the lift charge 
in place at the bottom of the device and to keep the 
stars or other components from mixing freely with the 
lift charge during normal handling. When some of the 
lift charge is allowed to migrate upward in a device, 
its burning will contribute less (or perhaps nothing) 
to propelling the contents of the device into the air. 


The lift disk also serves the important purpose of acting 
as a piston to help force the stars or other components 
up and out of the mortar. In some cases, to help keep 
the lift disk from turning on its side, as the device 
fires, the lift disk may be constructed to have a thick- 
ness much greater than the thickness of a single chip- 
board disk. One way to accomplish this is shown be- 
low, where two disks are separated by a number of 
short tubes. 
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Unavoidably, the holes in the lift disk do potentially 
allow some of the lift charge to migrate above the 
disk during handling. Upon firing the device, the holes 
serve the important purpose of providing a ready av- 
enue for some of the burning lift gases to pass into 
the area above the lift disk. In this way, the stars or 
other components can be reliably ignited as the unit is 
fired. To further assist in the propagation of flame to 
the stars above the lift disk, quick match or black 
match may occasionally be inserted through the 
openings and into the lift charge. 


LIFTER — See Black Powder bomb. 
LIFTING CHARGE -— See /ift charge. 
LIFTING MORTAR — See sand mortar. 


LIFTOFF — The action of a rocket as it separates from 
its launch pad in a vertical ascent. 


LIFTOFF MASS — The total mass of a rocket and its 
motor(s) ready for liftoff. This mass does not include 
the mass of the igniter or items used to hold the ignit- 
er in place during ignition. 


optimum mass — The liftoff mass for which an am- 
ateur rocket will reach its maximum altitude, for a 
given motor and drag form factor. At first, this would 
seem to be the lowest possible mass, but there are 
two effects of mass that need to be taken into account 
with regard to both the powered phase and the coast- 
ing phase of the flight. Lower rocket mass results in a 
higher burnout velocity, but the rocket loses its mo- 
mentum to drag faster during the coasting phase. 
Conversely, a heavier rocket has more momentum at 
burnout to coast farther, but too much mass will re- 
duce both burnout altitude and velocity. These two 
factors combine to produce a maximum in the liftoff 
mass vs. peak altitude graph (illustrated below). 


Flight Altitude 


Rocket Mass 
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For very low impulse motors (B and smaller) this 
maximum occurs around or below the mass of the 
motor itself, so the rule of thumb is the lighter the 
better. Higher impulse motors have more leeway, and 
the optimum mass for the attempted altitude needs to 
be carefully calculated. 


In a multi-stage rocket without staging delays, only 
the dead mass (i.e., airframe and spent motor) of the 
upper stage participates in coasting. Extra dead mass 
in lower stages does not enhance coast distance, so 
lower stages should be as light as possible. Strictly 
speaking, a staged rocket, with no delay between 
stages, has no optimum liftoff mass. The mass of the 
last stage may be optimized with respect to the (sub- 
optimal) lower stages. 


In dense atmosphere, the best single-stage configura- 
tion is more efficient than the best multistage config- 
uration providing it is possible to contain all the pro- 
pellant in one stage. This is why cluster rockets can 
sometimes outperform staged rockets and a single 
motor with the same impulse can outperform either. 


The opposite is true for rockets operating at high alti- 
tudes in thin atmosphere. In that environment, staged 
rockets are more efficient (i.e., with respect to the 
propellant) than single-staged rockets, and lighter 
rockets always perform better. In a complete vacuum, 
there is no optimum mass. 


LIFT POWDER - See /ift charge. 
LIFT TIME — See aerial shell pre-fire time. 


LIFT WRAP — The final wrap of paper, typically applied 
dry, on a cylindrical aerial shell. This wrap covers the 
shell leader on a bottom-fused aerial shell or the pass- 
fire on a top-fused aerial shell. The lift wrap also 
forms the container or the covering for the lift charge 
beneath the shell (illustrated below in partial cross 
section). 


In some cases, the color of the outer wrapping of aer- 
ial shells has been used to aid in readily identify the 
type of shell (e.g., salutes versus star shells). 
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Shell Leader 
Fuse 
Break Charge 


Firework 
Stars 


LIGHT INTEGRAL — (Symbol: L,) — (Also specific light 
integral) — The total light output of a pyrotechnic 
composition, in candela-seconds per gram of compo- 
sition (cd-s/g). To some extent, over a range of com- 
positions, one can trade-off burn time for luminous 
intensity for a given weight of composition. For ex- 
ample, this can be accomplished by making small ad- 
justments to the composition, such as increasing or 
decreasing the particle size of the metal fuel (e.g., 
magnesium) or making slight changes in the amount 
of binder used. 


LIGHT INTENSITY — See /uminous intensity. 


Lift Wrap 
LIGHTNING STORM — See electric storm. 


LIGHTNING THERMO TUBE™ — (Abbreviated LTT) 


; Time Fuse 


LIGHT (noun) — See /ight spectrum. 
LIGHT (verb) — The action of igniting a device or fuse. 


LIGHT-EMITTING DIODE — (Abbreviated LED) — A 
semiconductor device that produces light as an electric 
current passes through it in its low resistance direction. 
Since LEDs are low-current sources of visible light, 
they are desirable for use in electrical firing equip- 
ment (typically associated with a current limiting se- 
ries resistor) to test the continuity of firing circuits. A 
collection of LEDs is shown below. 


eee eee see 


LIGHTER, HOT-WIRE -— See fuse igniter, blasting fuse. 


LIGHT, INFRARED — See /ight spectrum (infrared 
spectrum). 
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— A recently developed type of shock tube with char- 
acteristics that make it desirable for use in pyrotech- 
nics and fireworks. A small coil is shown below. 


peter 


The three red items are pieces of rubber tubing into 
which the thermo tube fits snuggly. These tubing 
pieces (A, below) can be used to couple two lengths 
of thermo tube or to couple LTT to tubing fittings 
such as the plastic tee (B), below and white item in 
the center above). 


Hiatal it 
Standard shock tube (as used in blasting) typically has 
an interior coating of high explosive (HMX and alumi- 
num) with a propagation rate of approximately 6500 
feet per second (2000 m/s). In contrast, LTT has an in- 
terior coating of a type of pyrotechnic flash powder 
(based primarily on potassium perchlorate, aluminum 
and iron(II,II]) oxide) with a propagation rate of ap- 
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proximately 3600 feet per sec- 
ond (1100 m/s). An electron 
micrograph ofa diagonally cut 
end of LTT is shown at right 
(although the coating on the 
interior wall of LTT is actually 
very thin, in this two-dimen- 
sional image it appears to almost fill the tube). 


LTT retains the most desirable characteristics of stand- 
ard shock tube, including almost total resistance to ac- 
cidental ignition. Whereas standard shock tube requires 
a powerful shock (e.g., from a 
shotgun primer) for initiation, 
LTT is reliably initiated by a rea- 
sonably energetic electric match. 
A series of images of the initia- 
tion of LTT with a common elec- 
tric match and the bright flash of 
light it produces is shown at the 
right. The time between each 
image is 0.00005 second and the width of the field of 
view is approximately 15 inches, 0.4 m. The tube re- 
mains fully intact as it performs (the apparent width 
of the light is an artifact of the photography due to 
the high intensity of the light produced). 


will 


Whereas many pyrotechnic compositions are mostly 
immune to ignition from standard shock tube, LTT 
reliably ignites almost all common firework composi- 
tions. Unfortunately, it is reported that LTT is no 
longer in production. 


LIGHT, SHIPWRECK — 
A type of flare used in 
the 19" century to facil- 
itate rescue and salvage 
operations by illuminat- 
ing the surroundings of 
a shipwrecked on the 
shore at night-time. 


A drawing of a ship- 
wreck light setup and 
ready for operation is 
shown on the right. 


Illustration Credit: Barlow, 1874 


The cylindrical flare was about 28.5 inches (724 mm) 
long and about 2.65 inches (67 mm) in diameter. The 
case was made of 6 sections, each 4.5 inches (114 mm) 
inches in length, made of tinplate, and joined by 
small bands of tinplate half an inch (25.7 mm) wide, 
soldered over each joint. One end of the case was fitted 
with a wooden plug carrying a wire loop to allow the 
flare to be suspended from a purpose-made wooden 
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tripod stand. The case was charged with flare compo- 
sition with the formulation presented below. 


Ingredient Parts by weight 


28 


The top of the composition was primed with a paste 
of meal powder, and the case was closed with a wrap 
of kit plaster. A string loop was provided to allow the 
covering to be torn off when the flare was to be ignited. 
Before firing, the flare was suspended as shown, rest- 
ing against three iron rods hooked between two of the 
legs of the tripod, so that the flare hung at an angle, 
not vertically downwards. To ignite the flare the kit 
plaster was torn away, and the exposed priming was 
set alight with a portfire. The dross that formed during 
the combustion of the flare composition drained away 
from the burning surface, so the flare burned smoothly. 
When the flame-front approached a joint in the case, 
the solder would melt, and the empty section of case 
would drop away, thus ensuring that the flame was 
never enclosed by more than 4.5 inches of empty 
case. The flare would burn for about 30 minutes with 
a bright white light. 


LIGHT SPECTRUM -— Primarily that part of the spec- 


trum of electromagnetic radiation having photons of 
energies to which the human eye responds (i.e., the 
visible light spectrum). Also, commonly included as 
part of the light spectrum are those photons having 
slightly more energy (i.e., having slightly shorter 
wavelengths) than photons of visible light and de- 
scribed as ultraviolet light, and those photons having 
slightly less energy (i.e., having slightly longer wave- 
length) than photons of visible light and described as 
infrared light. 


infrared spectrum — (Abbreviated IR spectrum) — 
(Also infrared light) — Electromagnetic radiation of 
somewhat longer wavelength than visible light; spe- 
cifically, the wavelength interval from approximately 
730 to 100,000 nm. Radiation having wavelengths in 
the range from approximately 730 to 10,000 may be 
described as near infrared light (i.e., it is near the vis- 
ible range). 


ultraviolet spectrum — (Abbreviated UV spec- 
trum) — (Also ultraviolet light) — Electromagnetic ra- 
diation of somewhat shorter wavelength than visible 
radiation; specifically, the wavelength interval from 
approximately 10 to 380 nm. Radiation having wave- 
lengths in the range from approximately 200 to 380 nm 
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may be described as being near ultraviolet light (i.e., 
it is near the visible range). 


visible spectrum — (Also color spectrum or colored 
light) — That portion of the light spectrum to which 
the human eye responds. The color spectrum ranges 
from deep red light (approximately 730 nm in wave- 
length) to violet light (approximately 380 nm). The 
visible light spectrum consists of the range of colors 
that can be seen when light is dispersed either by a 
prism (as illustrated below) or by a diffraction grating. 


Screen 


Red 

O 

Yello Spectral 
Green ( Colors 


Blue 
Violet 


Glass Prism 


The range of spectral colors is illustrated more clearly 
below, where the colors fade to black at the approxi- 
mate long and short wavelength limits of human vi- 
sion. Beyond the red (i.e., long wavelength) limit are 
the invisible infrared emissions; beyond the violet 
(i.e., short wavelength) limit are the invisible ultravi- 
olet emissions. In the sketch (below), the zigzag lines 
between the color names are an attempt to indicate 
that there is no precise or sharp dividing point be- 
tween human perception of the various colors. 


Increasing Photon Energy 


Increasing Wavelength 


Only the spectral colors are uniquely related to spe- 
cific photon energies or wavelengths (presented be- 
low). Because human color perception degrades slowly 
to invisibility at the long and short wavelength limits, 
there is no universal agreement as to precisely what 
the limits of the visible spectrum are. Similarly, there 
is no universal agreement as to exactly where the 
transition occurs between two colors. Nonetheless, 
the table below can be a useful, if only approximate, 
guide. 
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Approximate 
Color Wavelengths (nm) 


Spectral colors are the set of color points located on 
the tongue-shaped boundary of the chromaticity dia- 
gram (below). 


CIE 1931-2° 


The wavelengths corresponding to the spectral colors 
are typically included around the edge in the chroma- 
ticity diagram. All colors not on the tongue-shaped 
edge of the chromaticity diagram are described as 
composite colors, and they constitute the range of all 
possible colors made by blending two or more spectral 
colors (see color mixing laws, additive). The colors 
along the straight line that constitutes the lower 
boundary of the chromaticity diagram (1.e., the line of 
purples) are composite colors that are perceived by 
the human eye but do not exist in the visible spec- 
trum. In the second, uncolored chromaticity diagram, 
names have been assigned to the various color re- 
gions in an attempt to describe the composite colors 
as perceived by typical human observers, as illustrated 
below. The boundaries between the composite colors 
are, of course, quite subjective. (See color measure- 
ment for explanations of chromaticity diagram, color 
point, composite color and spectral color.) 
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CIE 1931-2° 


LIME — See calcium oxide. 
LIMESTONE -— See calcium carbonate. 


LIME WATER — An aqueous solution of calcium hy- 
droxide used in the preparation of copper(II) sul- 
fate—copper(II) hydroxide (1/3) monohydrate (also 
described as basic copper sulfate), which has been 
used in blue flame compositions of historical interest. 


Limewater was made by adding fresh lime [CaO] 
(made by strong heating of limestone or seashells) in- 
to a large volume of water. This results in a vigorous 
exothermic reaction, making the liquid very hot. The 
product is a suspension of solid calcium hydroxide in 
a saturated solution of that sparingly soluble sub- 
stance. This is filtered, yielding a clear solution of 
calcium hydroxide in water that consists of approxi- 
mately 1.2 grams of calcium hydroxide per liter. This 
solution had to be used at once, or stored in tightly 
sealed bottles, to prevent it from absorbing carbon 
dioxide from the air to form calcium carbonate. 


LIMIT, CEILING — See ceiling limit (industrial hygiene) 
and ceiling limit (rocketry). 


LIMIT, CONSUMER FIREWORK COMPOSITION — See 
consumer firework. 


LIMIT, MAGAZINE STORAGE — See quantity-distance 
table. 


LIMIT, PERMISSIBLE EXPOSURE and LIMIT VALUE, 
THRESHOLD -— See toxicology regulatory term. 
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LINDANE — See hexachloro-cyclohexane. 


LINE (electrical firing) — A single electrical firing cir- 
cuit that may consist of several individual igniters 
that are fired simultaneously. 


LINEAR BURN RATE — See burn rate. 
LINEAR MOMENTUM — See momentum. 
LINEAR SHAPED CHARGE - See shaped charge. 


LINEAR WEIGHTED (sound) — See sound pressure level 
measurement. 


LINE BROADENING — A phenomenon whereby the en- 
ergy range of photons emitted from an electron tran- 
sition in an atom or molecule (see guantum theory) is 
substantially broadened as the concentration of emit- 
ting atoms or molecules increases to high values. 


Each time a photon is created by such an electron 
transition, its energy depends not only on the energy 
of the transition but also on the motion (1.e., the ki- 
netic energy) of the emitting particle. This has the ef- 
fect of altering the energy (and the corresponding 
wavelength) of the emitted photon. The result is that, 
when the emitted light is examined with a spectrome- 
ter, the emissions from this same electron transition 
from a large number of atoms covers a greater wave- 
length range than would be expected if the wavelength 
were determined solely by the energy of the electron 
transition. A graph of this, presenting emitted light in- 
tensity as a function of wavelength, forms a narrow 
peak having a maximum at the wavelength correspond- 
ing to the energy of the electronic transitions. Intensity 
at wavelengths on either side of the peak maximum 
corresponds to those photons emitted by particles 
having more or less kinetic energy than the average. 


The extent of line broadening is quite small at low 
concentrations of emitters but becomes increasingly 
important as the concentration of the emitters in- 
creases. At very high concentrations, the energy range 
of emitted photon energies can become vastly greater 
than that occurring at lower concentrations. Line 
broadening is put to beneficial use in some illuminant 
compositions, which use the emissions of sodium at- 
oms as one of their primary sources of light (i.e., pho- 
tons). 


When there is not much sodium present in a flame, a 
photon produced in the de-excitation of a sodium at- 
om has a good chance of escaping from the flame 
without further interaction with other sodium atoms. 
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(One form of interaction with other sodium atoms is 
the absorption of the photon and then its re-emission.) 
In the absence of numerous interactions, almost all the 
escaping photons will have one of two precisely de- 
fined energies, with wavelengths of 589.0 and 589.6 
nm, coloring the flame a bright orange-yellow. These 
photons arise from an electron moving to the lowest- 
energy orbital in a sodium atom from either one of a 
closely spaced pair of more energetic orbitals. 


As the amount of sodium in a flame increases, the 
number of repeated emissions and absorptions of pho- 
tons by sodium atoms increases, eventually establish- 
ing an equilibrium between emission and absorption. 
When that happens with photons of a particular energy, 
the intensity of light having the corresponding wave- 
length reaches a maximum intensity equal to the in- 
tensity of light that a black body at that temperature 
would emit at those wavelengths. This happens first 
at the line center. Then, as the concentration of atoms 
continues to increase, the intensity of the increase 
spreads outwards so that the sharp peak seen at low 
concentrations becomes much (and then very much) 
broader. 


In extreme cases, the line broadening can become so 
great that the color of the flame noticeably changes. 
This effect is used in illuminating flares made with 
magnesium and sodium nitrate. The concentration of 
sodium in the flames of these flares is so high that 
substantial line broadening occurs, and the flame is not 
orange-yellow, but yellowish-white. This is independ- 
ent of any white color contributed by incandescing par- 
ticles (e.g., magnesium oxide) in the flame. 


LINE OF PURPLES -— See color measurement. 

LINE PULLING ROCKET — See rocket, line-throwing. 

LINER (rocketry) — See rocket motor liner. 

LINER (shaped charge) — See shaped charge. 

LINER, CHIPBOARD — See chipboard liner. 

LINE REVERSAL — In flame spectroscopy, the de- 
crease in intensity of an emission line caused by light 
emitted by atoms in the hot, inner part of a flame being 
absorbed by atoms in the cooler outer regions of the 
flame. 

LINE-REVERSAL PYROMETER -— A thermometer for 
high-temperature gases (e.g., flames). To make the 


measurement, the temperature of a temperature- 
calibrated, incandescent radiator is adjusted until the 
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radiant intensity of its continuous radiation equals the 
intensity of radiation from some suitable characteristic 
spectral line emitted by the gas. The comparison is 
made at the wavelength of the spectral line, with the 
incandescent radiator being viewed through the hot 
gas, whose temperature is being measured. 


For incandescent radiator temperatures less than the 
gas temperature, the spectral line of the hot gas ap- 
pears as an emission line. For temperatures above the 
gas temperature, the spectral line appears as an ab- 
sorption line. Thus, at the point where the line inten- 
sity reverses, the radiator and gas temperatures are 
equal, and the measurement is accomplished. 


Seeding the flame, by adding the species that produce 
the spectral line, is usually necessary. A source of so- 
dium is commonly used because its intense emissions 
allow the use of a relatively small amount of the 
seeding chemical. 


LINE ROCKET (fireworks) — See firework rocket type, 
basic. 


LINE SPECTRUM - See emission spectrum (atomic). 
LINE-THROWING ROCKET - See rocket, line-throwing. 
LINE VOLLEY — See front. 


LINSEED OIL (boiled) — [processed biological product] 
— {CAS 8001-26-1} — (Also flax seed oil or flax oil) 


Boiled linseed oil is used to provide a protective coat- 
ing on moisture-sensitive metal particles, most com- 
monly on iron alloys and magnesium. (See corrosion 
passivation.) It is derived from linseed oil, obtained 
from the seeds of the flax plant (Linum usitatissi- 
mum), by heating the oil in the presence of air, causing 
it to oxidize and partially polymerize. On further ex- 
posure to air, boiled linseed oil undergoes additional 
oxidation and polymerizes to a solid. Boiled linseed 
oil is a golden-yellow, amber or brown oil with a char- 
acteristic mild odor. 


Today, true boiled linseed oil is not available com- 
mercially, because it has an unpredictable shelf life. 
Oils sold as boiled contain one or more driers, which 
speed the setting of the oil on exposure to oxygen. 
Many of these driers are compounds of metals such 
as cobalt, lead, or manganese, and their presence in- 
troduces toxicity issues. 
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Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV: none available. 


UN hazard classification: PSN: linseed oil; HC: 3 — 
flammable liquid (UN2310). 


LIQUID — (Symbol ()) — The physical state of a sub- 
stance in which the molecules move sufficiently 
freely in relation to each other to allow the substance 
to take the shape of the container without filling the 
total volume of the container. A liquid is one type of 
fluid, the other is a gas. 


LIQUID CARBON DIOXIDE FOG MACHINE — See fog 
machine (cryogenic fog machine). 


LIQUID COLORED-FLAME EFFECT -— Any non- 
pyrotechnic flame effect using liquid fuels with flame 
color agents added to produce flames emitting colored 
light. (See colored-flame chemistry (clean-burning 
colored-flame chemistry).) Flames emitting yellow to 
orangish light as a result of incandescing carbon par- 
ticles in the flame are not considered to be colored 
flames in this context. 


Probably the smallest of these effects are some items 
intended to be used as birthday cake candles. These 
items are approximately 0.5 inch (13 mm) in diameter, 
3 inches (75 mm) in length and have a small spike at 
the bottom for use in mounting the item onto a cake. 
They are loaded with a small amount of liquid fuel 
with added colorants. They are sealed with a cap pri- 
or to use. The series of images below demonstrate the 
approximate colors produced by these items. The im- 
ages were adjusted in an attempt to replicate the actual 
colors these items produced. 


4 
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Some much-larger liquid colored-flame effects are 
pyrotechnically driven, wherein a pyrotechnic charge 
(typically Black Powder) is used to propel the liquid 
into the air where it then burns in oxygen from the 
air. Ghost mines, occasionally seen in firework dis- 
plays, are an example of this type of effect that can 
reach heights of roughly 25 feet (8 m). An example 
of a series of ghost mines being fired in rapid succes- 
sion from left to right is shown below. 


Photo Credit: Tom Calderwood 


Most liquid colored-fire effects are completely non- 
pyrotechnic, in which a colored-flame liquid is simply 
burned. Probably the simplest example of this is the 
burning of colored tiki torches, shown below. 


Photo Credit: Rick Fleming, Sigma Services 


To produce larger colored- 
flame effects, the liquid fuel 
with added colorant is ex- 
pelled by pressure through a 
nozzle into the air. One ex- 
ample of this type of sys- 
tem is the hot wok (shown _ photo credit: Jamie Stewart 
at right), which was devel- 

oped for use on stage with a band performance. 
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Theme parks and other out- 
door venues commonly use 
commercially-supplied, 

colored-flame liquids pro- 
jected from equipment very 
similar to that used for non- 
colored, liquid flame ef- 
fects. The flame height of 
these effects range to ap- 
proximately 12 feet (4 m) 
for pressurized systems such as shown at the right. 


Photo Credit: Rick Fleming, 
Sigma Services 


The liquid fuel used for these effects is a mixture of 
low molecular weight alcohols and glycols with a 
flash point of approximately 50 °F (10 °C). 


LIQUID-FIRE ROCKET (fireworks) — See firework 
rocket type, specific. 


LIQUID FLAME EFFECT — 
Any of a wide range of 
flame effects produced 
with a liquid fuel. Effects 
producing clean burning 
flames and a colorant may 
be described as liquid col- 
ored-flame effects. Pyro- 
technically driven effects 
using carbonizing fuels 
(e.g., gasoline or diesel fuel) 
may be described as gas 
mines. 


When greater control is 
needed and at fixed venues, 
it is more likely that the 
liquid fuel will be liquid 
propane or one of the Iso- 
pars, and the liquid will be 
driven by a high-pressure 
gas. Two examples of these 
types of liquid flame effects 
are shown at the right be- 
low. First is an effect, 
shown at the right, pro- 
duced with liquid propane. 


Photo credit: Rick Fleming, 
Sigma Services 


Second is a time series showing the production of a 
flame effect produced with Isopar. 
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Photo credit: Rick Fleming, Sigma Services 


LIQUID FUEL — Fuel normally stored and used in a 
liquid state (e.g., for rocket propulsion, in flame ef- 
fects or in firework lampare shells). 


LIQUID MONOPROPELLANT ROCKET ENGINE — See 
rocket engine. 


LIQUID NITROGEN and LIQUID OXYGEN -— See nitro- 
gen and oxygen, respectively. 


LIQUID NITROGEN FOG MACHINE -— See fog machine 
(cryogenic fog machine). 


LIQUID OXYGEN EXPLOSIVE — (Abbreviated LOX) — 
A class of explosives discovered in 1895 by German 
engineer and cryogenics pioneer Carl von Linde 
(1842-1934). Such explosives were produced by dip- 
ping bags of carbon black or other combustible mate- 
rial in liquid oxygen immediately before use. 


LIQUID PARAFFIN — See paraffin (mineral oil). 


LIQUID PROPELLANT (rocketry) — A substance used for 
propulsion and normally stored in a rocket as a liquid, 
but which may become gaseous before entering the 
rocket motor. 


LIQUID PROPELLANT ROCKET ENGINE — See rocket 
engine. 


LITER — (Symbol: L; in older literature the symbol 
may be a lower-case |, but this is now obsolete) — 
(Also spelled litre in much of the world) — A derived 
SI unit of volume, commonly used for liquid and gas 
volumes. One liter corresponds to one thousandth 
(0.001 or 10°) cubic meter. A liter was formerly de- 
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fined as the volume of 1 kg of water at 4 °C, its point 
of greatest density. 


mL or cm? | 


liter 


| 

il) 

a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


b) Liquid measure. 


LITHARGE — See /ead(II) oxide. 


LITHIUM COMPOUNDS (color agents) — Compounds 
of lithium introduced into laboratory gas flames and 
alcohol flames produce a deep carmine-red color that 
has long been used as a flame test for lithium. The 
color originates from the 2S*— 2P” electronic transition 
in neutral lithium atoms. Lithium salts such as lithium 
chloride [LiCl] {CAS 7447-41-8} and lithium nitrate 
[LiNO3] {CAS 7790-69-4} are effective red color 
agents in liquid colored-flame effects. In contrast, and 
contrary to erroneous assertions in chemistry text- 
books and on the Internet, lithtum compounds are not 
effective color agents in pyrotechnic flames. The rea- 
sons for this have been explained in detail by Koch 
and Jennings-White (2009). Obtaining a saturated, 
dark-red flame from a lithium-containing flame re- 
quires a low concentration of gaseous lithium [Li], a 
low concentration of gaseous lithium hydroxide [Li- 
OH] and a low temperature. These prerequisites are 
easily achieved in gas flames or liquid-fueled flames 
but not in pyrotechnic flames. Attempts to color py- 
rotechnic flames with lithium compounds typically 
result in flame colors ranging from pink to pumpkin 
orange, depending on the composition. 


LLRA -— Abbreviation for low range radio altimeter. 
See altimeter (radio altimeter). 


LM — The symbol for /umen. 
LMNR -— See /ead mononitro-resorcinate. 


LN2 FOG MACHINE — See fog machine (cryogenic fog 
machine). 


LOAD (noun) — The descriptive term for: 1) The mass 
of composition used in or contained within some ex- 
plosive or pyrotechnic device. 2) The force applied to 
an object or structure. 3) The portion of an electric 
circuit receiving the electric power. 


Page 746 


LOAD (verb) — The act of placing an explosive or pyro- 
technic charge in a device, apparatus or borehole. 


LOADABLE ROCKET MOTOR — See rocket motor, 
loadable. 


LOAD CELL — A device that produces an electrical out- 
put signal proportional to the force applied to it. A 
strain-gage load cell changes its resistance in re- 
sponse to being stretched, and it is typically attached 
to a beam or other structural component of a system 
that deflects in response to an applied load. 


LOADER (fireworks) — An assistant working at a man- 
ually fired display with reloading of aerial shells. The 
loader is responsible for properly transporting aerial 
shells from the ready box and loading them into the 
proper mortars. To avoid the hazards associated with 
such a manually fired display, loaders need to be well 
trained. (For additional information, see manual aerial 
shell loading procedure.) 


LOADING BOARD - (Also shifting board, shuttle board, 
shuttle loader or sweep loader) — A pair of flat plates 
(formerly made of wood, now mostly metal) that con- 
tain several holes to facilitate the simultaneous volu- 
metric loading of powdered (or granulated) material 
into a number of receptacles. Initially (as illustrated in 
cross section below and patterned on Weingart, 1947) 
the two boards are positioned such that the holes on 
the upper board (A) are not aligned with the corre- 
sponding holes in the lower board (B). 


At this time, loose powder is loaded onto the upper 
board and swept across the top using a squeegee or 
similar tool to uniformly, but loosely and without 
packing, fill all the holes. Once the holes (C) are 
completely and evenly filled, the excess powder is 
moved to the side (or the end) and the lower plate is 
shifted to the left (illustrated below). 
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This causes the pairs of holes to become aligned and 
allows the loose powder (D) to fall through the lower 
board into the waiting receptacles (typically tubes). 
The proper positioning of the pair of plates is accom- 
plished with the use of mechanical guides and stops. 
The amount of powder loaded depends on the volume 
of the holes in the upper plate (i.e., on the thickness of 
the upper plate and the diameter of the holes). Ac- 
cordingly, a pair of loading boards will be needed for 
each different amount of powder to be loaded. 


To facilitate the successful entry of the powder into 
the waiting tubes (E), it is common to use some sort 
of multiple funnel arrangement; one possible example 
is illustrated below (in cross section). 


While the above set of illustrations are for loading 
only a pair if increments of powder into two recepta- 
cles, it is common for a loading board to accomplish 
the simultaneous loading of 50 to more than 100 tubes 
with multiple increments by repeating the operations. 


Loading boards are used in many non-pyrotechnic 
fields. In those fields, they may be described as shuttle 
loader, when used for loading a single tube, and as 
sweep loaders, when used for loading multiple tubes. 


LOADING DENSITY — See density. 


LOADING DIE — A metallic sleeve used to confine an 
explosive or pyrotechnic substance during the process 
of its consolidation. 


In fireworks: A star plate and a comet pump are ex- 
amples of loading dies. 


LOADING PRESSURE — The force, often expressed as 
pressure (i.e., force per unit area), used to compact a 
loose pyrotechnic composition into a cavity. Greater 
loading pressure causes the composition being com- 
pacted to achieve a greater density by closing pore 
spaces within the material, as illustrated below. 
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Loading pressure is one of the factors affecting burn 
rate. 


LOADING PROCEDURE (fireworks) — See manual aer- 
ial shell loading procedure. 


LOADING SPACE — See aerial shell dead volume. 
LOADING SPINDLE — See spindle (rocket spindle). 
LOAF (fireworks) — See star manufacturing (cut star). 


LOCAL PRESSURE - EFFECT ON BURN RATE and 
LOCAL TEMPERATURE — EFFECT ON BURN RATE — 
See burn rate, factor affecting. 


LOCO FOCO — See match, historical (Lucifer match). 


LOGARITHM — The power to which a fixed number, 
described as the base (6), must be raised to produce 
the value (y) to which the logarithm corresponds. 
Symbolically: 


y =log, (x) 


The common bases for logarithms are 10 and e, where 
e=2.7183.... 


The antilogarithm, also described as the inverse loga- 
rithm, is the value (x) corresponding to a given loga- 
rithm (y), specifically: 


x=b” 


Logarithms are convenient when it is necessary to 
work with parameters that can have an especially 
large range of values, such as acidity and alkalinity in 
chemistry. In that case, pH is a logarithm that varies 
from 0 to 14 and describes hydrogen-ion concentra- 
tions that range from 1 to 1x10°4 
(0.00000000000001) moles per liter. 
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The use of logarithmic scales on graphs is especially 
useful when the data spans many orders of magnitude 
(i.e., many powers of 10). For example, the graph be- 
low presents spectral radiance values over a range of 
nine orders of magnitude and wavelengths spanning 
three orders of magnitude. 


5727 °C 
3727 °C 


1727 °C 


Spectral Radiance (units arbitrary ) 


0.1 1 10 100 
Wavelength (um) 


Illustration credit: Miller and Schneider, 1991. 


LOG SPLITTER — (Also splitting gun, log-splitting gun 
or blasting wedge) — A device, powered by Black 
Powder, for splitting large timber logs into strips that 
can be more conveniently handled. They were popular 
in rural and forest regions from the 1930s but were 
gradually superseded by hydraulically operated log 
splitters. None the less, US Patent 4,479,524 for im- 
provements in explosive-powered log splitters was 
issued as recently as 1984. 


History: An early example of a log splitter was dis- 
closed in US Patent 1,533,579, awarded in 1925 to 
American inventor Joseph A. Webber (1865-1946). 
Webber acknowledged that there had been earlier at- 
tempts to utilize such guns, but their utility had been 
limited by the tendency of the guns to break or shatter 
the log rather than splitting it. Also, the guns them- 
selves were also liable to burst or break. A drawing 
of Webber’s device is shown below. 


Illustration credit: US Patent 1,533,579 


The cylindrical device 10 was machined from steel, 
preferably chrome-nickel steel, and was sufficiently 
hard and strong to permit the tapered end 11 to be 
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driven into the end of a log in much the same way as 
a wedge might be driven. The overall length of the 
device was 18 inches (460 mm) and its external di- 
ameter was 1°/g inches (41 mm). An axial bore 12 ex- 
tended as indicated and terminated in a smaller coaxial 
bore that formed a chamber 13, into which a charge 
of Black Powder was to be loaded. A fire hole 15 ex- 
tended from the powder chamber to a fuse-hole 14 on 
the outer surface of the device. In use, the chamber 
would be loaded with powder, which would be kept 
in place with paper wadding. The tapered end would 
then be driven into the end of the log that was to be 
split, by heavy blows with a sledgehammer applied to 
the opposite end of the device. This action would 
cause the tapered end to act as a punch, forcing a core 
of wood into bore 12; this core would then act as 
wadding for the powder charge contained in chamber 
13. Before firing, the powder by means of a fuse in- 
serted in fuse-hole, the operator would wedge another 
log or large rock against the end of the log-splitter to 
absorb the recoil. If all went well, the expanding gases 
from the combustion of the powder would split the 
target log in two. 


Subsequent patents by other inventors disclosed mod- 
ifications such as the inclusion of a piston-driven 
wedge, for making the portion of the tool that received 
hammer-blows replaceable, for the use of a detachable 
firing-pin, and for means of anchoring the device. 


LONDON LIGHTS — A name formerly used in the north 


of England for Bengal matches. 


LONG AXIS or LONGITUDINAL AXIS — See axis of ro- 


tation (general). 


LONGITUDINAL CROSS SECTION — See cross-section. 


LONGITUDINAL SPEED OF SOUND -— See speed of 


sound. 


LONGITUDINAL WAVE — See compression wave. 


LOOSE CHARGING — Loading a pyrotechnic composi- 


tion or explosive by simply pouring it into a container 
without any pressing or other type of consolidation. 
For example, the flash powder charge in an aerial sa- 
lute is loose-charged. 


LOT — An amount of material or the number of manu- 


factured items produced using the same process and 
conditions, and within some given amount of time. It 
is often, but not necessarily produced in one batch. 
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LOUDNESS — (Symbol: N) — A linear scale of per- 
ceived loudness as judged by human subjects. The 
unit of loudness is the sone. Loudness ranges from | 
to over 1000 sones, with a sound of 2 sones being 
perceived as being twice as loud a sound of | sone 
and half as loud as a sound of 4 sones. Normal con- 
versation has loudness in the range of | to 4 sones. 


A loudness of 1 sone is equal to a loudness level of 
40 phons. Each doubling of loudness corresponds to a 
10-phon increase in loudness level. Thus, loudness 
values of 1, 2, 4 and 8 sones correspond to loudness 
levels of 40, 50, 60 and 70 phons. 


LOUDNESS LEVEL — A logarithmic scale of perceived 
loudness as judged by human subjects. Loudness level 
is numerically equal to the sound pressure level in 
decibels (relative to 0.0002 microbar) of a pure 1 kHz 
tone. Because human hearing acuity is frequency de- 
pendent, the loudness level scale is also frequency 
dependent. Thus, while an 80 dB, 1 kHz tone has a 
loudness level of 80 phons, for 0.1 and 10 kHz tones 
to be perceived to be at an 80-phon loudness level, they 
both must have a sound pressure level of approxi- 
mately 92 dB. 


LOVA — Abbreviation for low-vulnerability ammuni- 
tion. 


LOVELACE EFFECT - (Also drag separation) — A 
phenomenon at rocket-motor burnout where the nose 
cone is apparently sucked out of the body. It occurs 
more often on low-drag, nose-cone shapes (e.g., par- 
abolic and ogive shapes). One theory is that since the 
nose cone has much less drag than the body, its mo- 
mentum carries it forward faster (or, more correctly, 
the body’s drag decelerates the body more quickly 
than the nose cone). This puts tension on the nose-body 
joint. The condition is exacerbated by any weight 
added to the nose cone for flight stability, which also 
increases the momentum of the nose cone, and/or a 
loose fit between the nose cone and the body. This 
problem is more common with rocket designs having 
fin configurations that have especially high drag (e.g., 
ring fins and rockets with multiple outboard pods). 


Another possible contributing factor could be that the 
denser air trapped in the body tube at ground level, 
exerts pressure on the nose cone when the rocket 
reaches a higher altitude. A vent hole is often placed 
in the body of a high-power rocket to prevent such 
internal pressurization. 
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LOW BREAK (fireworks) — A malfunction where an 
aerial shell explodes relatively near ground level, (il- 
lustrated below) as opposed to high in the air. 


Ct aati oe 
s 


fa Shell “f 
f Explodes —~> 
4 Mortar ° 


Commonly, the term low break is applied to a shell 
explosion near the end of its trajectory. The term 
muzzle break is applied to a shell explosion occurring 
within a few tens of feet after a shell leaves the mortar. 
A shell explosion occurring just after a shell has trav- 
eled a few tens of feet from the mortar, but still well 
below its expected height, may also be described as 
being a low break. 


There is obvious potential for injury and damage oc- 
curring as a result of a low break, depending on the 
type and size of the shell and where the event occurs. 


The likely causes for this type of malfunction are dis- 
cussed in the ground burst entry. 


LOW-ENERGY DETONATING CORD — (Abbreviated 
LEDC) — The commercial version of a mild detonating 
fuse. (See detonating cord.) 


LOWER EXPLOSION LIMIT — See explosive limit. 


LOWER FLAMMABILITY LIMIT — See flammability 
limit. 


LOWERING CORD (fireworks) — A cord or light rope 
used to lower a large aerial shell (typically larger than 
6 inches, 150 mm) safely into its mortar in prepara- 
tion for firing. The lowering cord is attached to a sus- 
pender on the top of the shell, as shown below. 
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The lowering cord is necessary because a large shell 
is typically too heavy to be supported by the shell 
leader without a significant possibility of damaging 
the leader or its attachment to the shell. 


If it becomes necessary to remove a large unfired or 
misfired shell from the mortar, the presence and use 
of the lowering cord makes that operation easier and 
much safer. For this reason, it is important that the 
end of the lowering cord remain outside the mortar 
after a large shell has been loaded. 


LOW EXPLOSIVE — (Also deflagrating explosive or low- 
velocity explosive) — An explosive that burns or def- 
lagrates, rather than detonates, when ignited in its 
normal fashion. As a consequence, a low explosive 
tends to produce relatively low pressure and more of a 
heaving action rather than the shattering action pro- 
duced by a high explosive. Most low explosives are 
only capable of producing a powerful explosion when 
present ina moderately large quantity or when strong- 
ly confined. 


A low explosive propagates thermally, principally by 
conduction and convection. Accordingly, the rate of 
propagation must be less than the speed of sound in 
the unreacted explosive. For the most part, pyrotech- 
nic composition and low explosive are synonymous, 
and almost all pyrotechnic compositions are classi- 
fied as a low explosive. This includes Black Powder, 
rough Black Powder, Black Powder substitutes, fire- 
work stars, comets, fountains, whistle compositions 
and rocket propellants. (Contrast with high explosive.) 


Studies of the explosive nature of common firework 
flash powders have concluded variously: that they are 
low explosives, that some may be high explosives 
and that some are high explosives. Of course, part of 
the problem with characterizing firework flash pow- 
ders is that, as pyrotechnic mixtures, they are subject 
to all the many factors affecting burn rate. Another 
part of the problem is that methodologies and as- 
sumptions often differ between the various studies. 
Nonetheless, for regulatory purposes in the US, fire- 
work flash powders are classed as high explosives. 


Regulatory definition: Explosive materials which can 
be caused to deflagrate when confined. Black Powder, 
most propellants, and most fireworks compositions 
are examples of low explosives. 


LOW-FREEZING EXPLOSIVE — (Also polar explosive) — 
An explosive that has a low freezing point and is 
suitable for use under cold conditions. For example, 
nitroglycol and mixtures containing adequate nitro- 
glycol are low-freezing explosives. 
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LOW-LEVEL AERIAL FIREWORKS — See fireworks, 
descriptive classification of. 


LOW ORDER — (Also low ordered or low order detona- 
tion) — A non-scientific and poorly defined term of art, 
meaning different things to different persons, with no 
quantifiable measure of its meaning. Commonly the 
term is meant to imply (without any measurement) 
that an explosive operated relatively incompletely or 
in a manner that produced less than its expected max- 
imum output. (Contrast with high order.) The term 
may also be used to describe the deflagration of low 
explosives. 

LOW-ORDER DETONATION — See detonation type. 


LOW-RANGE RADIO ALTIMETER -— See altimeter (ra- 
dio altimeter). 


LOW-TEMPERATURE OXIDIZER — See oxidizer, low 
temperature. 


LOW-TENSION FUSE HEAD — See electric match. 
LOW-VELOCITY EXPLOSIVE — See low explosive. 


LOW-VULNERABILITY AMMUNITION — See ammuni- 
tion, low vulnerability. 


LOX -— Abbreviation for liquid oxygen and for liquid 
oxygen explosive. 


LPG — Abbreviation for liquefied petroleum gas. 

LPG MORTAR - See flame effect burner. 

LRRA — Abbreviation for low-range radio altimeter. 

LSC — Abbreviation for linear shaped charge. 

L STAR — See characteristic length. 

L STAR (L*) INSTABILITY — See instability, L star. 

LTT — Abbreviation for Lightning Thermo Tube. 

LUCIFER or LUCIFER MATCH — See match, historical. 

LUMEN — (Symbol: Im) — The derived SI unit of /umi- 
nous flux, which is the /uminous energy radiated per 
second within a unit solid angle (i.e., 1 steradian) by 


a uniform source emitting one candela of luminous 
intensity (i.e., 1 lm = 1 cd:sr). 
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If the simplifying assumption is made that the light 
output of a pyrotechnic flare is uniform in all direc- 
tions, its output can be compared with other flares as 
specific /uminous flux in units of lumens per gram 
(Im/g). 


The term lumen also refers to the cavity inside a tub- 
ular structure. This is especially common in biology, 
but it is also occasionally found in older pyrotechnic 
literature. 


LUMINANCE — The photometric measure of light inten- 
sity that has been corrected for the average sensitivity 
of the human eye to light as a function of wavelength. 
Thus, luminance is a measure of how bright some- 
thing will appear to a human observer. It is expressed 
as candela per square meter (cd/m”). 


LUMINESCENCE - Light generated by processes other 
than incandescence. Luminescence may be character- 
ized by its source of energy; examples include chem- 
ical reactions (chemiluminescence), electrical energy 
(electro-luminescence) and crystallization (crystallo- 
luminescence). Chemiluminescence may play a sig- 
nificant role in light production in some flames. 


LUMINOUS EFFICACY — The ratio of the /uminous flux 
that a light source produces to the total rate of energy 
production. The thermal energy dissipated by con- 
duction, convection or radiation in non-luminous 
wavelengths is considered to be wasted. Light- 
producing pyrotechnic compositions typically have a 
luminous efficacy of approximately 10%. 


LUMINOUS ENERGY -— The radiant energy in the range 
visible to humans (approximately 380 to 730 nm) and 
weighted using the luminosity function corresponding 
to human brightness perception (a function of wave- 
length). Luminous energy has the units of /umen sec- 
onds (Im-s), sometimes described as talbots, after 
English scientist and photography pioneer William 
Henry Fox Talbot (1800-1877). 


LUMINOUS FLUX -— (Also luminous power) — The rate 
at which /uminous energy is radiated in all directions. 
The unit for luminous flux is the /umen where one 
lumen equals one candela-steradian (1 Im = | cd:sr). 


specific luminous flux — The rate at which /uminous 
energy is produced per gram of pyrotechnic composi- 
tion. Thus, specific luminous flux has the units of 
lumens per gram (Im/g). 


If the simplifying assumption is made that the light 
output of pyrotechnic flares is uniform in all directions, 
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their output can be compared as specific luminous 
flux (1.e., specific light output). The values of specific 
luminous flux for flares typically range between 
5,000 and 50,000 Im/g. 


LUMINOUS INTENSITY — (Also light intensity) — The 
perceived brightness of a light source in a given di- 
rection and distance (formerly described as candle- 
power). The unit of luminous intensity (/) is the can- 
dela, where: 


dF 


[= 
dw 


Here, F' is luminous flux and W is the solid angle in 
steradians. 


LUMINOUS POWER -— See /uminous energy. 


LUPERSOL™ — A trade name for a range of organic 
peroxide cure agents for polyester resins (e.g., Lami- 
nac™). Lupersols are designated by suffixes that in- 
dicate which organic peroxide is the active ingredient. 
For example, Lupersol 331 is 1,1-di-tert-butyl-peroxy- 
cyclohexane [C)4H2sO0.4] {CAS 3006-86-8}. 


LUX — (Symbol: Ix) — The derived SI unit of i//umi- 
nance. One lux corresponds to a /uminous flux of one 
lumen (Im) per square meter (m) of surface area (1.e., 
1 lx = 1 lm/m’, which is also 1 cd-sr/m’). 


lx — Symbol for /ux. 


LYCOPODIUM FLAME EFFECT — Lycopodium powder 
is easily dispersed into a cloud that can then be ignited 
by a spark or flame to burn quickly to yield only ap- 
proximately 1% ash (as smoke). A small version of 
this effect is demonstrated below. 
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In this case, a small ignition flame can be seen in the 
lower left corner of the first image. Also visible is a 
tube that has been loaded with a small fraction of a 
gram of lycopodium powder. The flame effect begins 
when a puff of air forces the lycopodium from the 
tube into the ignition flame (upper right). The series 
of six images span approximately 0.2 second in time. 


Lycopodium powder is not a pyrotechnic material, 
although it has long been used by magicians and spe- 
cial-effect operators to produce flame effects on stage, 
simulating flashes of various types. Lycopodium pow- 
der is the predecessor of theatrical flash powder (see 
flash powder type), and today it has been largely re- 
placed by theatrical flash powders, although it is 
sometimes still used for special effects. 


A pile of pure lycopodium powder will not readily 
support a flame. To be effective, lycopodium must 
first be dispersed into the air. One way to disperse it 
used a lycopodium pipe. 


Lycopodium pipe — One type of lycopodium pipe 
is illustrated below in cross section. 


_ nae Flame 


<< Air Supply 


Lycopodium 
Powder 


It consisted of a cone-shaped container fitted with a 
flat, tight-fitting lid with many small perforations. In 
the center of the lid was a circular opening that held a 
small alcohol lamp. A quantity of lycopodium powder 
was placed in the bottom of the container. A hose was 
connected to a small pipe leading through the side of 
the container and aimed at the bottom of the container. 
A puff of air applied to the hose, from a bellows or 
other type of air pump, produced a cloud of lycopo- 
dium powder that was dispersed upward through the 
perforations in the lid and was ignited by the alcohol 
flame. This produced a remarkably large, bright yellow 
flame that could be used as a special effect simulating 
lightning or the flash of an explosion. This type of 
device was somewhat commonly used on stage in the 
19" century before the discovery of flash powder based 
on magnesium and aluminum. 


LYCOPODIUM POWDER - [natural biological product] 
— {CAS 8023-70-9} — (Also club moss spores, lyco- 
podium seeds (spores), vegetable sulfur or dragon’s 
breath) 
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Lycopodium flame effects continue to be used for some 
stage performances, most commonly by magicians. 
Its current considerable cost has resulted in other ma- 
terials mostly replacing it. Lycopodium powder con- 
sists of spores collected from club moss plants (par- 
ticularly Lycopodium clavatum, and Diphasiastrum 
digitatum). It is an extremely fine, pale-yellow powder, 
ranging in size from approximately 25 to 40 microns, 
which provides the powder with a high surface-area to 
mass ratio. The spores have a high fat content and 
consequently the powder burns with a brilliant flash 
when dispersed in air and ignited. 


UN hazard classification: PSN: flammable solid, or- 
ganic, n.o.s. (lycopodium), HC: 4.1 — flammable sol- 
id (UN1325). 


Historical: Lycopodium powder was used to simulate 
lightning for early theatrical performances and to 
produce flame effects for motion pictures. It has also 
been used as a fuel in fireworks; three sample formu- 
lations (Gelingsheim, 1913) are presented below, 
where formulation 1 is a red lance, and formulations 
2 and 3 are for green lances. 


Barium chlorate 


LYDDITE — See 2,4,4-trinitro-phenol. 
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pt. — Greek letter mu; the symbol for the prefix micro- 
(the unit prefix for one-millionth (10°)); also used as 
a symbol for micron, which is a micrometer. 


pm — Symbol for micrometer. 
us and u-second — Abbreviations for microsecond. 
m — The symbol for: mass, meter (the SI unit of length), 


and the prefix milli- (the unit prefix for one thou- 
sandth (0.001 or 10°). 


M — The symbol for: Mach number, mega- (the unit 


prefix for one million (10°)), molar, molarity (moles 
per liter) and moment. 


M-80 — A specific type of relatively small, but rather 


powerful, exploding device containing a flash powder. 
It was originally designed and used as a US military 
gunfire and small explosion simulator and officially 
designated as M80 Explosion Simulator — MIL-D- 
20505, as illustrated below in cross section. 


<— Fuse 
Sealant 


End Disk 


Flash 
Powder 


Inner Tube 
Outer Tube 


The military specification required that the device be 
made from an external 0.658-inch (17-mm) OD paper 
tube, lined with a second thin-walled tube to produce 
an ID of 0.592 inch (15 mm). The ends were closed 
with paper disks held in place by roll crimping and 
then adding a coating of sealant. The final length of 
the tube was 1.5 inches (38 mm). The explosive 
charge contained 2.5 grams of a flash-and-sound mix 
(flash powder, formulated as per military specifica- 
tion, presented below, McClain, 1980). The original 
military M-80s were made with brown paper tubes, 
but commercial manufacturers added a red paper 
wrap to the tubes. 


Ingredient Parts by Weight 
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a) Alternatively, can be a 50:50 mixture of antimony/IIl) 
sulfide and sulfur. 


Devices, like those shown below, were essentially 
identical in function and similar in appearance to the 
military simulators. They were allowed for sale to the 
public in the US prior to the passage of the Child Pro- 
tection Act of 1966. 


These civilian M-80s were commonly made with a 
9/16-inch (14-mm) ID, 11/16-inch (17-mm) OD by 
1'4-inches (38-mm) long paper tube, usually with a red 
outer wrap. The ends of the tube were usually closed 
by end plugs glued in place, and the device was fitted 
with a short length of 3/32-inch (2.4-mm) diameter 
visco fuse that was inserted into the side of the case, 
as illustrated below in cross section. 


Fuse 
Glue 


— 


Paper Tube 


End Plug Powder Charge 


In recent years, many devices, physically resembling 
M-80s, have appeared for sale, but were labeled M- 
nnn, where nnn is some number between 50 and 
1000. This is somewhat misleading, as devices legal- 
ly sold in the US can contain no more than 50 mg of 
flash powder (an example, labeled as an M-1000, is 
shown below). 
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These devices of course barely produce a pop com- 
pared with the original consumer M-80s, which usu- 
ally contained 2 grams or more of flash powder. (See 
exploding fireworks, US legal look-alikes.) It is also 
common for consumer firecrackers (50 mg — US legal, 
shown below) to use the name M-80, apparently to 
invoke the reputation of the much larger and more 
powerful devices. 


Some smoke devices and a sparkling device de- 
scribed as a flitter spitter (which contained an alumi- 
num fountain mixture) were similar in appearance to 
an M-80, but they did not explode. 


Powerful, illegal salutes are sometimes described and 
marketed as M-100, M-500 or even M-1000 salutes. 
There is no construction standard for these salutes, 
but typically, they contain a large amount of flash 
powder, are quite dangerous and are no longer (since 
1966) legal anywhere in the US. (See exploding fire- 
works, illegal (US.) 


M-800 — A pyrotechnic device used by the US Army 
to simulate the acoustic (i.e., bang) and optical (i.e., 
flash and smoke) signature of the main gun of a mili- 
tary tank. It was a polyethylene cartridge, weighing 
0.31 Ibs (140 grams) and was 2 inches (50 mm) in di- 
ameter and 6 inches (150 mm) long. It contained 1.5 
ounces (42 g) of flash powder. For firing, cartridges 
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were loaded individually into a nine-tube Tank Gun- 
fire Simulator and fired electrically. Since the early 
1990s this device has been designated as SIMULA- 
TOR, FLASH, ARTILLERY M21. 


mA — (Also ma) — Symbol for milliamp. 
MACH - See Mach number. 


MACH DIAMOND - (Also Mach disk) — Somewhat di- 


amond-shaped features exhibited in the exhaust plume 
of some high-performance rocket motors. 


Mach diamonds are caused by colliding shock waves 
in the exhaust of an under or over-expanded rocket 
nozzle. In a perfectly expanded nozzle, there are no 
Mach diamonds. The noz- 
zles of many commercial 
and military high-perform- 
ance rockets exhibit Mach 
diamonds under some con- 
ditions. This is because they 
are optimized for some spe- 
cific altitude other than that 
at which they are being 
fired. In model and high- 
power rocketry, the ex- 
pense of making a perfectly 
formed nozzle with the 
proper expansion ratio is 
prohibitive, thus virtually 
all these motors produce 
Mach diamonds (an exam- 
ple of Mach diamonds is 
shown at the right). 


Photo Credit: Bob Haas 


MACHINE (fireworks) — (Also firework temple) — A 


method of displaying fireworks, originally developed 
in Italy. It is rarely seen in its original form today but 
was common in Europe in the 17", 18 and 19" cen- 
turies. A firework machine consisted of a large, or- 
nate structure, perhaps 20 to 30 feet (6 to 10 m) high 
and possibly hundreds of feet long. Most of the fire- 
works were discharged from the top of, or behind, the 
machine, while other fireworks were used to illumi- 
nate the machine from the front. 


One such machine, illustrated below in daylight, was 
exhibited on April 27, 1749 along with festivities to 
celebrate the treaty of Aix-la-Chapelle that ended the 
War of Austrian Succession. The fireworks were to 
erupt from the machine, which was an elaborately 
decorated wooden Dorian temple, 410 feet (136 m) 
long and 114 feet (38 m) high, constructed in Green 
Park in London. 
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Illustration credit: Guttmann, 1999 


German-British composer George Frideric Handel 
(1685-1759) composed his “Royal Fireworks Music” 
for this production. Reportedly, the night was rainy, so 
many fireworks failed to ignite. There was a grand fi- 
nale when the machine itself unintentionally caught 
fire. A contemporary illustration was captioned: ‘The 
GRAND WHIM for Posterity to Laugh At’, as illus- 
trated below, with the fire burning on the right. 
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Illustration credit: Guttmann, 1999 


Another example of a machine (illustrated below) 
was displayed in Hyde Park in London on August 15, 
1814. It was titled the “Grand Metamorphosis of the 
Castle into the Temple of Concord” and was an elab- 
orate structure illuminated with colored lamps and 
decorated with gilding, festoons and transparent 
paintings. While illuminated from inside, it was made 
to revolve, so that spectators might view each side of 
the machine in turn. 
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Illustration credit: Brock, 1949 


Occasionally today, special firework displays attempt 
to recapture the grandeur of the former machine dis- 
plays. One such example is shown below, where many 
of the fireworks have been temporarily covered with 
white plastic bags for moisture protection during the 
setup of the display. This structure stands approxi- 
mately 40 feet (12 m) tall. 


Also reminiscent of the machines are displays per- 
formed for the opening of some major hotels around 
the world, where the building is utilized in much the 
same way as a firework machine. The example 
shown below was for the opening of the 1400 room 
Palm Hotel in Dubai in 2008. 
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Photo credit: Phil Grucci, Fireworks by Grucci 
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MACHINE ROLL (noun) — A description commonly 
applied to convolute-wound paper tubes that, alt- 
hough dried, are in the same physical condition as 
when they were removed from the tube-rolling ma- 
chine. Machine rolls have not yet been cut to length 
and thus their ends are not smoothly cut or trimmed. 
An example of a 2-inch (50-mm) machine-roll tube is 
shown below (left) along with a similar tube cut to 
length (right). 


Machine rolls may be purchased by manufacturers 
and amateurs wishing to have the flexibility to cut 
tubes of the same diameter tubes to a variety of dif- 
ferent lengths. Machine rolls are less expensive than 
tubes that have been cut to length. 


MACH METER, ACOUSTIC -— A device used to measure 
sound propagation data and to determine the Mach 
number for an object such as a rocket in flight. 


MACH NUMBER — (Symbol: M or Nma)— The ratio of the 
velocity of an object (or fluid) to the speed of sound 
in the surrounding medium. An object traveling at 
Mach 1 in air has a velocity equal to the speed of 
sound in air (approximately 1100 feet per second, or 
335 m/s). A rocket traveling at Mach 2.0 is traveling 
at twice the local speed of sound. The term is named 
after the Austrian physicist Ernst Mach (1838-1916). 


The velocity region near Mach 1 is referred to as 
transonic. If the Mach number is less than one, the 
object is said to be traveling at a subsonic velocity; if 
greater than one, it is traveling at supersonic velocity. 


MACH WAVE - A supersonic shock wave created by 
an object moving with a relative velocity greater than 
that of sound in the local environment. 


MACROSCOPIC — Larger than microscopic; it does not 
require magnification to be seen with the unaided eye. 


MACRO-SYNC FIREWORK DISPLAY — See choreo- 
graphed firework display type. 


MAGAZINE, EXPLOSIVE -— A building, structure or 
container used exclusively for the storage of explosive 
material. In the US, the Bureau of Alcohol, Tobacco, 
Firearms and Explosives defines five types of out- 
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door storage facilities as presented below (for more 
information, see magazine type (US): 


Magazine Type | Allowed Contents 


a) With some restrictions. 


In addition to outdoor magazines, there are also indoor 
versions of Type 2 and Type 4 magazines that can be 
used for the storage of less than 50 pounds (23 kg) of 
explosives. The total explosive weight that can be con- 
tained in indoor magazine(s) in a single building is 50 
pounds. While there may be additional local re- 
strictions, in the US federal requirements, indoor 
magazines may be located in any building that is not 
a residence. 


In fireworks: The term magazine is occasionally used 
incorrectly as a synonym for a ready box, which is a 
temporary place to store fireworks before or during a 
firework display. 


above-ground magazine — Any explosives storage 
magazine that is either on, or slightly above, ground 
level and not covered with earth. An example, includ- 
ing some appropriate signage, is shown below. 


someroasean.oves RIUM SAFETY REMINDERS: 


THIS BUILDING ‘occupancy MAXIMUM. 2h 
SLNATAL TIES ALL ENPLOYEES 2. KEEP DOOR CLOSED AND LOCKED 
PING RULES: WHEN NOTIN USE 

\ ee ain LOW EXPLOSIVE 3, THE USE OF SPARK PRODUCING 
> CLIN UP ANY SPLED POWDER STORAGE TOOLS I$ NOT PERMITTED 

ae _— 4.000 LB 4, NO ELECTRIC TOOLS PERMITTED 
cre | 5 FLASHUGHTS PERMITTED IF CONSTRUCTEL 
(vane «€©6«GAGIT OF NONE SPARKING MATERIALS 


MATERIALS TO BE REMOVED DAILY, 


NO SMOKING 
WITHIN 50 FT, 
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When multiple aboveground magazines are located on 
the same site, their placement is important. They must 
meet the minimum separation distance requirements 
for magazines as established by the regulatory au- 
thority having jurisdiction. (In the US, this is the Bu- 
reau of Alcohol, Tobacco, Firearms and Explosives.) 
When more space is available, greater distances are 
preferred. In addition, the use of terrain features to 
provide added protection of the magazines is appro- 
priate. An aerial view of a good example of the 
placement of a collection of firework magazines is 
shown below. 


Photo credit: Lansden Hill, Pyro Shows, Inc. 


underground magazine — A specially designed 
and constructed structure for the storage of explosive 
materials underground. An igloo magazine (often 
used by the military for munitions storage) is an ex- 
ample of an underground magazine. 


MAGAZINE, INDOOR -— See magazine type (US. 


MAGAZINE STORAGE LIMIT — See /imit, magazine 
storage. 


MAGAZINE TENDER — See ready-box tender. 


MAGAZINE TYPE (US) — There are varying require- 
ments for explosive storage facilities that depend on the 
nature of the materials to be stored therein. While the 
details of their construction requirements are not de- 
scribed, their general nature is outlined below. 
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The quantity of explosives that may be stored in any 
magazine type depends on the distance separating the 
magazine from other magazines, inhabited buildings, 
highways, etc. In the US, these distances are enumer- 
ated in the American Table of Distance. 


type 1 magazine — A permanent structure, such as a 
building or igloo, that is bullet-resistant, fire- 
resistant, theft-resistant, weather-resistant and venti- 
lated. A type 1 magazine may be used for the storage 
of high explosives and all other classes of explosives. 


type 2 magazine — A portable or mobile structure, 
such as a box, skid-magazine, trailer or semi-trailer. 
A type 2 magazine may be used for the storage of 
high explosives and all other classes of explosives. 


type 3 magazine — A fire-resistant, theft-resistant 
and weather-resistant day box or portable structure. A 
type 3 magazine may be used for the attended tempo- 
rary storage of high explosives and all other classes 
of explosives. 


type 4 magazine — A permanent, portable or mobile 
structure, such as a building, igloo, box, semi-trailer 
or other mobile container that is fire-resistant, theft- 
resistant and weather-resistant. A type 4 magazine 
may be used for the storage of low explosives, blasting 
agents and detonators (if not mass detonating). In- 
cluded as low explosives are display fireworks, ex- 
cept for bulk flash powder and bulk salutes. 


type 5 magazine — A permanent, portable or mobile 
structure, such as a building, igloo, box, bin, tank, 
semi-trailer, bulk trailer, tank trailer, bulk truck, tank 
truck or other mobile container, that is theft-resistant. 
A type 5 magazine may be used for the storage of 
blasting agents. 


indoor magazine — A portable structure; such as a 
box, bin or other container, constructed as required for 
a Type 2, 4 or 5 magazine that is located within a 
building. An indoor magazine may be used for the 
storage of those types of explosives otherwise al- 
lowed in a type 2, 4 or 5 magazine, with the excep- 
tion that the quantity of explosive is limited to 50 
pounds (23 kg). If more than one indoor magazine is 
located in the same building, the total explosive con- 
tent of all the magazines within the building must not 
exceed 50 pounds. 


An example of an indoor magazine made from a con- 
struction site toolbox, modified to make its interior 
surfaces non-sparking is shown below. 
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MAGIC CANDLE - See candle, birthday-cake (trick). 


MAGIC DEVICE (pyrotechnic) — Any of a collection of 
small appliances used to produce a fire or spark ef- 
fect, not all of which are truly pyrotechnic in nature. 


bingo device — A device designed and used to pro- 
duce a tiny (but startling) explosion when released, 
such as when an object constraining the device is 
moved. A collection of these devices is shown below. 


Each device has a small, spring-loaded hammer and a 
matching anvil to which a single paper toy cap is af- 
fixed. The hammer is held in its cocked (i.e., open) 
position by a small lid or other part of the device, 
which is in turn held in position by an object (e.g., a 
book) placed on top of the bingo device. When some 
time later, an unsuspecting victim picks up the object, 
the hammer is released to strike and fire the toy cap, 
thus startling the victim. Some of these devices have 
features in common with a small, spring-loaded 
mousetrap. 


Bingo devices have been fashioned into various 
common objects; such as fountain pens, lipstick tubes 
and cigarette lighters. 


fireball-shooting magic wand — A device that, on 
command, propels a fireball from the end of the 
wand. One such device is shown below separated into 
its two halves to reveal its method of operation. 
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A small wad of flash cotton or flash paper (see flash 
material) is compacted into the bore of the wand 
from its open end (A) and a single-use plastic toy cap 
(B) is installed over the end of a nipple at the closed 
end of the bore near the middle of the wand. The de- 
vice is cocked by tensioning a spring-activated im- 
pactor (i.e., hammer), which will be used to fire the 
toy cap. The wand is screwed back together and is 
then ready to discharge its fireball. This occurs when 
the small, concealed, finger-operated trigger (C) re- 
leases the impactor, firing the toy cap and igniting the 
wad of flash cotton or paper, which then is mostly 
self-propelled from the bore of the wand. 


flash paper gun — A small appliance used occa- 
sionally by magicians and other performers to project 
a small ball of fire apparently from their hand or fin- 
gertip. An example of the device is shown below. 


The device is small to allow easy concealment in 
one’s hand. The device shown has two barrels (i.e., 
brass tubes) (A) pointing left from behind the small 
circuit board. The projected fireball is a small piece 
of burning flash paper (see flash material) crumpled 
into a ball (B). This is compacted and inserted into 
one of the barrels using the red plastic rammer (C). 
The upper silver item (D), partially visible behind the 
circuit board, is a small rechargeable battery. Many 
flash-paper guns simply use AA or AAA batteries. 


Three switches are mounted on the circuit board. The 
one slide switch (E) arms the device. The two push- 
button switches (F) fire each of the two barrels by 
supplying power to model airplane engine glow plugs 
(not visible in the photograph) mounted into the rear 
of the barrels. When activated, the glow plugs ignite 
the flash paper load, and its combustion forces it out 
of the barrel and its continuing combustion consti- 
tutes the visible fireball appearing from the magi- 
cian’s hand as seen by the startled spectators. An ex- 
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ample of the firing of this flash paper gun is shown 
below as a series of images each separated in time by 
0.033 second. 


The first image is just before firing, and the flash pa- 
per gun is hidden from view. In the next image, the 
flash paper has partially ignited and has been forced 
from the gun. In the last two images, the flash paper 
has fully ignited and continues to proceed to the right. 


magician’s fireball producer — A small device 
(shown below) designed to be concealed in a per- 
former’s hand that, when operated, produces a fire- 
ball from what appears to be an empty hand. 


The device has a cigarette lighter-style, thumb- 
activated sparking wheel and a mischmetal flint. The 
device is prepared with the addition of a small ball of 
flash cotton or flash paper (see flash material). When 
desired, a fireball is produced by the ignition of the 
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flash cotton from sparks generated by rotating the 
spark wheel. 


magician’s spark producer — (Also Funken ring 
or The Machine) — A small device designed to be 
hidden in the magician’s hand and operated secretly. 
The device is key-wound and spring-operated; it con- 
tains a motor-driven cigarette lighter-style sparking 
wheel and a mischmetal flint. On command, a con- 
tinuous spray of sparks is projected from what ap- 
pears to be from the performer’s empty hand. A high- 
performance version of such a device (described as 
The Machine) is shown below. 


paper match striker — A small device designed to 
be secreted on a magician’s clothing, such as under 
the lapel of a jacket. The effect to be achieved is the 
apparently miraculous production of a lit match. The 
device (shown below) is typically held in place by its 
attached safety pin. 


The device is constructed with two paper matchbook 
strikers clamped together between two compression 
plates (A) with a single paper safety match (B, seen 
extending to the right in the photograph) held be- 
tween the strikers. When desired, the paper match is 
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briskly pulled from the device, which causes its igni- 
tion. 


ring cap gun — A de- 
vice, essentially a very 
small bingo device (shown 
at the right), designed to 
be concealed in a perform- 
er’s hand and operated se- 
cretly. When operated, the 
device produces the sound 
of a small explosion from 
a paper toy cap. 


The device is prepared by loading it with a single paper 
toy cap. In use, the spring-loaded hammer is raised 
by the performer’s thumb. When released, the ham- 
mer strikes and fires the toy cap, startling the unsus- 
pecting victim. 


MAGICFIRE™ IGNITER (fireworks) — An electronic 
controller with two attached electric matches, one to 
ignite an aerial shell’s lift charge and a second to ig- 
nite the shell’s break charge. The unit (shown below) 
is used to achieve precise timing in the functioning of 
an aerial shell. 


An aerial shell that uses the Magicfire igniter has a 
0.5-inch (13-mm) ID by 3.0-inch (76-mm) long tube 
installed where a time fuse would otherwise be located. 
After the shell has been otherwise completed, the 
electronic Magicfire unit is installed in that tube. 


The circuit board with the electronic timer (A) is ini- 
tially powered by the application of a constant 12 
volts supplied through the orange firing line (B) seen 
leading off to the left. This particular unit is designed 
to burst the aerial shell 4.00 seconds after it is fired 
from its mortar. A wide range of other precise burst 
delay times is available. The sustained operation of 
the electronics is accomplished by having the supply 
voltage (12 V) charge a capacitor (with a relatively 
large capacitance) on the circuit board. 


On the lower right, at the end of the black wire, and 
inside the red tube (C) is an electric match that will 
have been installed into the shell’s lift charge. On the 
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upper right in the photograph, inside the shorter 
red/orange tube (D) attached to the electronics mod- 
ule, is the electric match that will ignite the aerial 
shell’s break charge. 


The actual firing of the shell 
is accomplished by momen- 
tarily increasing the supply 
voltage from 12 to more than 
22 volts. Accordingly, while 
the field wiring for the firing 
of a shell with a Magicfire unit 
is standard, a special firing or 
interface unit is required to 
supply the needed pair of volt- 
ages. A single shot unit (most- 
ly suitable for test firing) is 
shown at the right. 


ARM FIRE 


1. Depress ARM for 10 secs. 
2. Depress FIRE. 
3. Release both. 


MagicFire™ 


In addition to providing very 
precise timing of aerial shell 
bursts, the Magicfire unit is 
designed not to explode an ss 
aerial shell that has failed to leave the mortar. This is 
accomplished by fault detection circuitry that moni- 
tors to confirm that the Magicfire unit has been suc- 
cessfully separated from the firing unit. 


MAGIC SERPENT — See snake (fireworks). 


MAGICIAN’S FIREBALL PRODUCER and MAGICIAN’S 
SPARK PRODUCER — See magic device. 


MAGIC WHIP — See crackling whip. 


MAGNALIUM — [Mg/AlI] — {CAS none} — (Also mag- 
nesium-aluminum alloy or aluminum-magnesium al- 
loy, magnesium aluminide, penta-magnesium octa- 
aluminide, di-magnesium tri-aluminide, heptadeca- 
magnesium dodeca-aluminide) 


Magnalium is an active metal fuel and spark- 
producing material used in pyrotechnics. It is com- 
posed of magnesium and aluminum in various alloy 
ratios. Magnalium alloys are silvery metals and silver 
to gray as powder; some are quite hard and brittle. 
The name ‘magnalium’ was originally a trade name 
for a patented aluminum alloy, containing between 
7.7 and 23.1% magnesium, having mechanical char- 
acteristics that favored its use as a structural metal. 
Over the years, the name came to be used far less 
specifically, eventually being applied to almost any 
binary alloy of magnesium and aluminum. Four dis- 
tinct intermetallic compounds of these two metals are 
stable at room temperature. These various magnesi- 
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um aluminides have the chemical formulas MgsAls, 
MgoAb, MgAl and Mgi7Ali2. (The latter was until re- 
cently thought to be MgsAl;.) The phase diagram of 
the Mg-Al system is given by Ropp (2012). 


Characteristic (b) 


a) Values for the intermetallic compound MgaAls. 
b) Code for reference source, see preface. 


Health information: TLV-TWA: 1 mg/m? for the res- 
pirable dust of aluminum metal or metal oxide (fume); 
TLV-TWA: 10 mg/m? for inhalable dust of magnesi- 
um oxide. Both aluminum and magnesium form ox- 
ide fumes in pyrotechnic smoke. There is no TLV for 
the alloys themselves. 


UN hazard classification: PSN: Magnesium aluminum 
alloy, powder; HC: 4.3 — dangerous when wet 
(UN1418). 


Chemical properties: Magnaliums are reactive metal 
alloys with varying properties depending on the alloy 
ratio but broadly similar to aluminum and magnesium 
metals. 


Chemical _incompatibilities: The resistance of mag- 
nalium (50:50 Mg/Al) toward various chemicals used 
in pyrotechnics is presented below (Shimizu, 1981). 
The powdered test samples were in the wet state at 
room temperature. 


Chemical Substance 


The symbols used in the table are as listed below: 
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| O | Noreaction occurs. 
Very slight reaction but useful in practice. 
Attacked slowl 


Attacked considerabl 
Attacked actively. 
XXXX_ | Attacked violentl 


Magnalium may sometimes require a chemical pro- 
tective coating similar to that required for magnesium 
(e.g., with linseed oil or a conversion coating). 


In pyrotechnics: Magnalium is available in a wide 
range of proportions, but a ratio of 50:50 (approxi- 
mately MgioAlo, but really is a solid solution of 
Mgi7Ali2 in MgAl) is the form most commonly used 
as a reactive metal fuel and spark-producing material 
in pyrotechnics. At this ratio, magnalium is brittle and 
relatively easily reduced to a granular powder. An 
example is shown below. 


The variation in brightness is an artifact of the electron 
microscopy. 


At a higher magnification, the electron micrograph 
below shows fracture patterns similar to those of 
glass, the result of the 50:50 alloy being quite brittle. 
The material surrounding the grains of magnalium is 
the electrically conductive adhesive used to mount the 
grains for imaging in an electron microscope. 
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As an energetic fuel for colored-flame compositions, 
the 65:35 ratio alloy is preferred. This alloy is a solid 
solution of Mgi7Ali2 in magnesium. It exhibits some 
degree of corrosion-resistance as a result of a protective 
oxide film on the surface. Also, the higher percent- 
age of magnesium permits the production of higher 
purity colors. (See colored-flame chemistry (pyro- 
technic colored-flame chemistry, choice of metal fuel.) 


In fireworks: The 50:50 alloy of magnalium, in rela- 
tively large particle size, is commonly used as a 
spark-producing agent in fountain and gerb composi- 
tions, where it also produces somewhat of a crackling 
effect. It is also used in glitter compositions, where it 
often produces larger flashes than aluminum. Today, 
the 50:50 alloy, as a fine powder, is often used in 
flash powders. The 65:35 alloy is preferred as a 
flame-brightening fuel because of its enhanced ability 
to produce flames of high color purity. 


Historical: In 1866 German chemist Friedrich WG6hler 
(1800-1882) made alloys of aluminum and magnesi- 
um by melting the two metals together, with one or 
the other in excess (either 30.4% Mg or 63.6% Mg). 
By treating the resulting alloys with ammonium chlo- 
ride solution (which dissolves magnesium) and with 
sodium hydroxide solution (which dissolves alumi- 
num), he prepared a silvery-white alloy that burned to 
produce brilliant white sparks. He believed (correctly 
as it turned out) that it was a chemical compound of 
magnesium and aluminum. At the time this material, 
being made by a laborious process from two very ex- 
pensive metals, would have been far too expensive to 
be useful in pyrotechnics. 


In 1898 Austrian physician, chemist and inventor 
Ludwig Mach (1868-1951) investigated aluminum- 
magnesium alloys and found that alloys containing 
100 parts aluminum and 10 to 30 parts of magnesium 
had very desirable physical and mechanical properties. 
He patented these alloys, naming them ‘magnalium’. 
These alloys were soon in commercial production. 


In 1913 the German pyrotechnist Karl Gelingsheim 
published several formulations for firework composi- 
tions that included what he called ‘Fata Morgana’. He 
defined the latter as ‘a very successful mixture of 
magnesium powder and aluminum powder’ but did not 
give the proportions of the two powders being used. 


In 1972 English pyrotechnist Ronald Lancaster men- 
tioned that 50:50 magnesium alloy was sometimes 
added to small firework fountains to give sliver sparks 
that ignite and burn to produce a crackling sound. 


In 1982 Japanese pyrotechnist Takeo Shimizu (1912- 
2011) discussed the use of the alloy in fireworks. He 
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commented that when mixed with a Black Powder- 
based composition, coarse magnalium powder pro- 
duces slightly yellowish-white sparks that branch 
somewhat like pine needles. As a fine powder, it 
burns smoothly in combination with potassium chlo- 
rate or potassium perchlorate, producing a brilliant 
flame and a small amount of fine fire-dust sparks. 
With nitrates, especially with barium nitrate or stron- 
tium nitrate, magnalium often does not burn smoothly, 
but instead it oscillates between two different burn 
rates. Shimizu noted that such mixtures are useful in 
strobe stars. The early use of magnalium in strobe 
stars has been reviewed by Cardwell (1979), who 
traces it to work in the USSR and Japan in the 1960s. 
The application of magnalium in firework composi- 
tions began to be seriously exploited commercially 
by Chinese pyrotechnists in the 1970s. 


MAGNALIUM METAL, SPOT TEST FOR -— See spot test 
(magnesium, magnalium and aluminum metal). 


MAGNELITE™ — An igniter that is mainly used to 
start large, composite rocket motors. It requires sig- 
nificantly more power (2-3 amps at 12 volts) than an 
electric match. It consists of a Nichrome bridgewire 
that is dipped in a magnesium-based pyrolant that 
burns very hot (~6000 °F, ~3300 °C), which works 
well for the ignition of hard-to-ignite composite pro- 
pellant compositions. The igniters come in single and 
double-dipped versions, depending on how much ig- 
nition fire is needed. 


MAGNESIA — See magnesium oxide. 


MAGNESIUM — [Mg] — {CAS 7439-95-4} 


Magnesium is a metallic chemical element, atomic 
number 12. It is an active metal fuel frequently used 
in pyrotechnics. Magnesium is produced from the 
minerals: magnesite and dolomite, and especially 
from seawater. Magnesium is a silver-white metal 
and silver to gray as a powder. 


Characteristic (a) 


F. 


a) Code for reference source, see preface. 
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Health information: TLV: none established; there is a 
TLV-TW: A of 10 mg/m? for the inhalable dust of 
magnesium oxide produced as fume (smoke) when 
magnesium is burned. 


UN hazard classification: PSN: magnesium, powder; 
HC: 4.3 — dangerous when wet (UN1418). 


Chemical properties: Magnesium is a strong reducing 
agent. The enthalpy of combustion of magnesium is — 
24.8 kJ/g(Mg), which is high but not as great as that of 
aluminum (— 31.1 kJ/g¢an). 


Magnesium powder is slowly oxidized at the surface, 
and it loses its metallic luster. Cold water reacts very 
slowly with magnesium, but it is quite reactive with 
hot water. When the water is cold, magnesium hydrox- 
ide [Mg(OH)2] is formed on the surface, somewhat 
protecting the metal from attack, but in hot water, the 
hydroxide dissolves to allow the reaction: 


Mgis) + 2 H20a) > Mg(OH)raq) + Hag) 


Chemical incompatibilities: The table below (Shimizu, 
1981) presents the resistance of magnesium toward 
various chemicals. The powdered test samples were 
in the wet state at room temperature. 


Chemical Substance 


The symbols used in the table are as listed below: 


lo | No reaction occurs. 


Attacked slowly. 


XX | Attacked considerably. 
XXX _ | Attacked actively. 


XXXX_ | Attacked violently. 


The above reactions do not occur in practice if the 
materials are thoroughly dry. Compositions containing 
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unprotected magnesium must be kept very dry if they 
are to have a long storage life. A preferred additional 
measure is to apply a protective coating to the mag- 
nesium (e.g., with linseed oil or a conversion coating). 


At room temperature, alcohol and acetone do not re- 
act with magnesium, but they slowly react at higher 
temperatures. Thus, these solvents can be used with 
non-aqueous binders such as shellac and red gum. 


Pyrotechnic uses: Magnesium burns well in combi- 
nation with an oxidizer, even if the oxygen content is 
not enough for complete combustion. The unreacted 
magnesium is easily vaporized and burns with a flame 
as it reacts with oxygen in the air. An early use of 
magnesium was in photoflash powders (see flash 


powder type). 


The flame of burning magnesium is easily colored by 
a color-producing agent (i.e., the flame temperature is 
sufficiently high that the color-producing atoms or 
molecules in the flame are highly excited to produce 
an intense and high purity color). It can produce 
brightly colored flame even in combination with a ni- 
trate as the sole oxidizer. See colored-flame chemistry 
(pyrotechnic, colored-flame chemistry). 


Because of its reactivity with water and the presence 
of soluble oxidizers, the use of magnesium in pyro- 
technics normally requires that it be protected from 
corrosion and other deleterious reactions. If a non- 
aqueous binder is used, and the composition is well 
dried, frequently no additional measures are needed. 
In other applications, it is necessary to apply a con- 
version coating on the surface of the magnesium par- 
ticles. Often this was accomplished using potassium 
dichromate, but recently other coatings, with less po- 
tential for adverse health effects, have proven to be 
equally effective. For example, Nishiwara et al. 
(2019) have shown that an appropriately applied 
coating of magnesium stearate (magnesium octade- 
canoate [Mg(CisH35sO2)2] {CAS 557-04-0}) was ef- 
fective in protecting magnesium from corrosion by an 
aqueous solution of ammonium perchlorate. 


In fireworks: Magnesium is commonly used as a fuel 
to brighten flames without decreasing color purity, 
but it requires a protective coating. Magnesium is al- 
so used in some strobe formulations, and again a pro- 
tective coating is required. Except when alloyed with 
aluminum, magnesium is banned in consumer fire- 
works in the US. 


In special effects: Magnesium is commonly used as the 
fuel in theatrical flash powder (see flash powder type). 
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In rockets: Magnesium is used as a reactive fuel in 
some composite rocket propellants and can aid in 
eliminating rocket motor acoustic instability. 


In_military pyrotechnics: Magnesium is the principal 
fuel in illuminating and signal flares and IR (infra- 


red) decoy flares. 


Historical: Magnesia [MgO] began to be recognized 
as a distinct substance from the early 18" century. 
Then, in 1808, the English chemist Humphry Davy 
(1778-1829) demonstrated that magnesia was a me- 
tallic oxide. He subjected a paste of magnesia and 
water to electrolysis with a mercury cathode and plat- 
inum anode, and an alloy of magnesium and mercury 
was formed. Heating this alloy to remove the mercury 
yielded crude magnesium. In 1833 English natural 
philosopher Michael Faraday (1791-1867) produced 
the metal electrolytically. In 1863 English entrepre- 
neurs Edward Sonstadt and Samuel Mellor began 
commercial production of magnesium and soon it 
was being used in the form of wire (and soon thereaf- 
ter in the form of ribbon) for photographic illumina- 
tion. The metal cost about the same as silver, but de- 
spite this, it was soon being used in pyrotechnics. It 
was used in firework displays at the Crystal Palace 
near London, starting in the mid-1860s. Red and 
white pyrotechnic signal lights based on magnesium 
were introduced in England in 1865. 


Non-pyrotechnic Chatham lights that burned a mag- 
nesium-containing mixture called Chatham Powder 
were used for signaling by the British military during 
the Abyssinian War of 1868. Magnesium became 
much less costly with the 1886 German development 
ofacommercial electrolytic process for its production. 
Successful photoflash powders (see flash powder type) 
based on magnesium powder were introduced in 
1887, following sporadic attempts since 1865. 


Formulations for colored-flame firework compositions 
containing magnesium filings were published from 
the mid 1870s. A British military manual of 1874 in- 
cluded a magnesium-based composition for illumi- 
nating star shells. Military pyrotechnics based on mag- 
nesium were further developed during World War I. 
This included a military star shell containing an illu- 
minating parachute flare, and a black smoke that also 
included hexachloro-ethane and anthracene. During 
World War I, when magnesium was extensively used 
in military signals and incendiary devices, a new pro- 
cess for the manufacture of magnesium was devel- 
oped by Canadian chemist Lloyd Montgomery Pidg- 
eon (1903-1999). 


MAGNESIUM ALUMINIDE — See magnalium. 
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MAGNESIUM-ALUMINUM ALLOY — See magnalium. 


MAGNESIUM CARBONATE — [MgCOs3] — {CAS 546- 
93-0} — (Also the mineral magnesite) 


Magnesium carbonate is occasionally used as an acid 
neutralizer and flow agent in pyrotechnic composi- 
tions, and as a delay agent for glitter effects (see glitter 
chemistry). It may also be used as a retarding burn rate 
modifier. Magnesium carbonate is produced from the 
mineral magnesite or synthetically from other mag- 
nesium compounds. It is colorless as crystals and light, 
bulky white as a powder. 


Characteristic (a) 


Formula weight of 84-31 g/mol. | 1 


Enthalpy of formation |= 1100 kJ/mol | 1 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV: none established. 


UN hazard classification: not regulated. 


MAGNESIUM FIRE STARTER - See fire starter, mag- 
nesium. 


MAGNESIUM GAS BOMB - See gas mine, magnesium. 


MAGNESIUM METAL, SPOT TEST FOR — See spot test 
(magnesium, magnalium and aluminum metal). 


MAGNESIUM OXIDE — [MgO] — {CAS 1309-48-4} — 
(Also calcined magnesia, magnesia or calcined mag- 
nesite; the mineral periclase) 


Magnesium oxide is a major component of the smoke 
produced by burning magnesium (and magnalium). It 
absorbs moisture and carbon dioxide from the air to 
form magnesium hydroxide and magnesium car- 
bonate. Magnesium oxide forms a coating on the sur- 
face of magnesium metal; unlike the oxide coating on 
aluminum metal, it affords little or no protection to 
the metal from further chemical action. A small per- 
centage of magnesium oxide has been included in i/- 
luminant compositions to increase the intensity of 
light emitted by the burning composition. In bulk, it 
is a fluffy white powder. 
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a) Code for reference source, see preface. 


Health information: TLV-TWA: 10 mg/m’ (inhalable 
dust). 


UN hazard classification: not regulated. 


MAGNESIUM PETROL BOMB — See gas mine, magne- 
sium. 


MAGNESIUM-TEFLON™ PYROLANT — See pyrolant. 


MAGNESIUM-TEFLON-VITON — See flare, military 
(infrared flare). 


MAGNETIC IRON OXIDE — See iron(II, III) oxide. 


MAGNUS EFFECT — See Magnus force and aerial shell 
drift. 


MAGNUS FORCE - (Also Magnus effect or tumbling 
effect) — The aerodynamic force acting on a rotating 
object when its axis of rotation is not in line with its 
direction of travel as it moves through the air. This is 
the same effect that a baseball pitcher uses to throw a 
curve ball. To see how this comes about, consider the 
illustrations that follow. 


i") Aerial 


Shell 


Relative 

Air Motion 
As a non-rotating aerial shell moves through the air, 
the air must pass uniformly around it (A). In this case, 
the flow velocity and thus the pressure on both sides 


of the shell (e.g., P1 and Pz) are equal (B), and there 
is no net force on the shell. 


Relative 
y) \ kr Air Motion 
—) —— 


Shs 
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If the aerial shell is rotating, as in (C), the flow veloc- 
ities are no longer equal and thus the pressures on the 
shell are no longer balanced, which results in a net 
force (F) to the left. 


Relative 
Air Motion 


Tumbling 


This Magnus force is the result of a boundary layer of 
air rotating along with the shell. On the left side of 
the shell, the boundary layer is moving in the same 
direction as the airflow past the shell; on the right, it 
is moving in the opposite direction. This gives rise to 
Bernoulli-like pressure effects on the shell, which are 
unbalanced and cause the shell to be pushed off 
course. It is currently thought that Magnus forces ac- 
count for about 4of aerial shell drift. 


MAG STAR — See illumination star. 


MAIN STAGE — In a multistage rocket, the main stage 
develops the greatest amount of thrust, with or with- 
out booster engines. 


In a single-stage rocket, which is powered by one or 
more engines, the main stage is the period when full 
thrust (at or above 90 percent) is attained. 


MAK — Abbreviation for Maximale Arbeitsplatzkon- 
zentration (German, Maximum Workplace Concen- 
tration). See toxicology regulatory term. 


MALACHITE — See copper(II) carbonate hydroxide. 


MALFUNCTION, AERIAL SHELL — See aerial shell 
malfunction. 


MALLEABILITY — A property of a material related to its 
plasticity, specifically the ability of a material to be 
permanently deformed without failure (i.e., breaking) 
when placed under compression. For example, malle- 
able materials can be hammered into thin sheets. The 
degree of malleability of a material is usually a func- 
tion of its temperature. 


Malleability contrasts somewhat with ductility, which 
is the ability of a material to be permanently de- 
formed without failure (i.e., breaking) when placed 
under tension, such as by drawing or stretching into 
thin threads or wires. Some malleable materials are 
quite ductile, others are not. 
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MALTESE FIREWORK TERM — The Maltese have an 
exceptionally strong tradition of fireworks. These in- 
clude many special and unique devices and compo- 
nents, some of which are described below. 


Direct Translations: The table below contains several 
terms needing little explanation. Other Maltese terms 
are described in greater detail below. 


English Translation 


Barrage of 3 or 4-inch shells 
Spherical aerial shell 

Finale color shells, 2 or 3-inch 
Pistils in cylindrical shells 
Pulverone 

Comets 

Lance (plural is gassijiet) 
Mortar 

Finale and firework battery 


Micéa tal inzul | Passfire 
Murtal Cylindrical multibreak shell 
Musketterija Firecrackers 
Aerial shell casing 
Color stars 
Suffarelli Whistles 
Takki Cardboard end disk 
Temp Spolette 
Zbroff Mine (fireworks) 


Note: Metric conversions are not given in this table. For 
conversions, 1.00 inch equals 25.4 mm. 


beraq pront-— An aerial shell that contains numerous 
small salutes 0.4 to 1.5-inch (10 to 38-mm) in diameter. 
The salutes are typically dispersed in one or more 
rings (up to 5 rings of different diameter) with all sa- 
lutes in each ring exploding within a fraction of a 
second to make a sound much like the name beraq. 
When multiple rings of salutes are dispersed, the sa- 
lutes in each ring will typically be of a different size 
and timing and produce a significantly different 
sound. An example of a baraq pront under construc- 


tion is shown below. The dark material in front of 


and below the shell is the break charge about to be 
loaded into the shell. 


Page 766 


Photo Credit: Toni Busuttil 


berqa — (plural: beraq) — The term for one of the 
small salutes in a beraq pront shell. These salutes are 
not ignited with conventional time fuse, but rather by 
a timing prime that covers a small hole in the salute. 
The timing prime is a simple mixture of Black Powder 
and gum Arabic. The various time delays are pro- 
duced by changing the ratio of Black Powder to gum 
Arabic, the diameter of the ignition hole and the wall 
thickness of the salute casing. The beraq above are 
positioned with their timing prime towards the center 
of the baraq pront shell. 


bomba — An aerial shell that contains salutes 2- 
inches (50-mm) or more in size. 


fintuna —The set of wheel drivers used to power the 
raddiena (a large and extremely complex wheel de- 
scribed below). To sustain the long duration of thrust 
needed over the course of the wheel’s performance, 
several drivers are fused in series. Examples of six- 
driver fintuna are shown below; those near the bot- 
tom have been completed, while those near the top 
are still in process. 


Photo Credit: Toni Busuttil 


This method of driver construction facilitates changing 
the nature of the spark effects produced. It also elim- 
inates the problems of choke-hole erosion and case 
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burn-through that would be likely if single, long- 
duration drivers were used. 


hsejjes — (The plural of the word hoss, which literally 
translated means sound.) — The effect generated by 
placing sets of beraq in the same shell, with the beraq 
having different sizes and different priming com- 
pounds. This results in consecutive concentric rings of 
beraq exploding, with each ring producing a distinc- 
tively different sound from the ring before it. Up to 
seven concentric rings have been displayed from a 
single shell. 


ikkiskjar — The process by which Black Powder is 
compacted to form the various grades required for 
different applications. 


imsielet — (Literally translates as earrings.) — Small 
(1.5 to 2-inch, 38 to 50 mm) cylindrical shells; each 
typically contains 12 to 16 very small beraq. These 
shells are then used as inserts within 8 or 12-inch 
(200 or 300-mm) cylindrical shells to construct world 
famous shells described as murtali tal-beraq_bil- 
loghob. 


irdieden — The plural form of raddiena, the especially 
large and complex Maltese wheels. 


kawwara — A shock absorber (often made of paper) 
that is positioned between the shell and the lift charge 
in large-caliber, cylindrical, multibreak aerial shells. 
Because of the large mass and limited aerial shell dead 
volume, these shells experience exceptionally great 
forces in the initial stages of their firing. To help pre- 
vent damage to these shells, a type of shock absorber 
(i.e., cushion) is used. These are made from various 
materials (paper, cloth or dense foam packaging mate- 
rial). Examples of six compressed paper-packaging 
shock absorbers are shown below. 


Photo Credit: Pacifico Galea, Mosta - Malta 
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A shell under construction (left) and a group of com- 
pleted shells (right) are shown below. The shock ab- 
sorber (A) is positioned between the lift charge (B) 
and the body of the shell (C). In addition, it is com- 
mon to include wooden plugs, the same diameter as 
the shell, above and/or below the shock absorber. 


Photo Credit: Toni Busuttil 


kruéetti — Color shell (i.e., flower) inserts typically 
used in 8-inch (200-mm) and larger cylindrical shell- 
of-shells. 


mistura-—The paste (Black Powder and gum Arabic) 
that is used to prime the beraq. The ratio of Black 
Powder to gum Arabic determines the burning rate 
and thus the timing of the explosions of the various 
beraq rings in one individual shell or in one break of 
a multibreak shell. 


murtal tal-beraq bil-loghob — A unique type of 
Maltese shell. This shell has many variations and is 
distinguished by having many beraq with differing 
timings. 


murtal tal-kulur bi¢-¢rieki — (kulur is color and 
crieki is circles) — A type of Maltese specialty shell 
made from an assembly of three color shells and a 
maroon. Each shell may contain different color rings 
of inserts and pistils. 


raddiena — (plural is irdieden) — An especially large 
and complex Maltese wheel. An example, demon- 
strating the scale of such a wheel, is shown below 
(photographed at twilight). 
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Photo Credit: Toni Busuttil 


The incredible visual (kaleidoscopic) effects of these 
wheels are essentially impossible to capture in still 
photographs, even in a timed sequence of images, 
and has not been attempted here. A different wheel, 
functioning at night, is shown below. 


Photo Credit: Toni Busuttil 


sfiera — A spreading cylindrical shell that uses stars 
producing a crackling microstar effect or a charcoal- 
aluminium-magnalium comet effect. 


spanjola — Beraq shells used in the finale, typically 
containing salutes that are 2 or 3-inches (50 or 75 mm) 
in diameter. 


tir — A lift charge for an aerial shell; several exam- 
ples are shown below. Each lift charge contains ap- 
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proximately 0.5 pound (225 grams) of lift powder 
and will be used with 7-inch (175-mm), three-break 
shells. The amount of lift charge used depends on the 
weight of the shell for which it is intended. 


Photo Credit: Pacifico Galea, Mosta - Malta 


These lift charges are strongly encased to increase the 
performance of the hand-made lift powder. At this 
stage in preparation of the lift containers, they are not 
fused. During final shell assembly, one of the possible 
ways to connect the shell leader is simply to pierce 
the lift container and insert the end of the quick 
match directly into the powder. 


MAMMOTH POWDER - A type of Black Powder modi- 


fied for use in large-caliber artillery, developed in 1861 
by American artilleryman, inventor, and United States 
Army officer, Thomas Jackson Rodman (1816-1871). 
Conventional Black Powder was compressed to high 
density in the form of an especially large granulation 
(0.6 to 0.9 inch, 15 to 23 mm). The powder burned 
more slowly, partly because of its large size, but 
mostly because its high density rendered the grains 
relatively impermeable to combustion gases, thus di- 
minishing the efficacy of convective thermal energy 
feedback. (See Black Powder grade(historical military 
grade Black Powder).) 


MANDREL (fireworks) — (Also arbor) — Commonly, the 


former or shaft around which a paper product is 
wound to from a tube. (See case former, convolute- 
wound tube or spiral-wound tube). 


MANGANESE — [Mn] — {CAS 7439-96-5} 


Manganese is a metallic chemical element, atomic 
number 25. It is mentioned in the literature as having 
been used as a pyrotechnic fuel in a few specialized 
applications, such as in delay compositions. It is a 
brittle gray metal. 
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a) Code for reference source, see preface. 


Health information: TLV (TWA): 0.1 mg/m? (inhalable 
dust or fume), 0.02 mg/m? (respirable dust or fume); 
(ACGIH 2015). MAK (TWA): 0.2 mg/m? (inhalable 
dust or fume), 0.02 mg/m? (respirable dust or fume) 
(2015). 


UN _ hazard classification: PSN: Metallic substance, 
water-reactive, n.o.s. (manganese); HC: 4.3 — dan- 
gerous when wet (UN3208). 


MANGANESE BINOXIDE — See manganese(IV) oxide. 
MANGANESE BLACK — See manganese(IV) oxide. 
MANGANESE DIOXIDE — See manganese(IV) oxide. 


MANGANESE(IV) OXIDE — [MnO2]— {CAS 1313-13-9} 
— (Also manganese dioxide, manganese binoxide, 
manganese black, battery manganese, manganese per- 
oxide, black manganese oxide, cement black, C.I. Pig- 
ment Brown 8, or C.I. Pigment Black 14; the mineral 
pyrolusite) 


Manganese(IV) oxide is a frequently-used catalyst 
facilitating the decomposition of oxidizers such as 
potassium chlorate (e.g., in safety match and oxygen 
generator compositions). It is occasionally used as a 
high-temperature oxidizer in Goldschmidt reactions. 
Manganese(IV) oxide is black or dark brown as a 
powder. 


Characteristic (a) 


preterseeseeseernnsess sa ena: = 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: (Mn content) TLV (TWA): 0.1 
mg/m? (inhalable dust or fume), 0.02 mg/m? (respira- 
ble dust or fume); (ACGIH 2015). MAK (TWA): 0.2 
mg/m? (inhalable dust or fume), 0.02 mg/m? (respira- 
ble dust or fume) (2015). 
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UN hazard classification: not regulated 
MANGANESE PEROXIDE — See manganese(IV) oxide. 


MANOMETER — An instrument used to measure the 
pressure of gases and vapors both above and below 
atmospheric pressure. 


MANTITOR™ CORD - See igniter cord. 


MANUAL AERIAL SHELL FIRING PROCEDURE — The 
first step in firing an aerial shell by hand (i.e., manu- 
ally), following its having been loaded into a mortar, 
is to approach the mortar, carrying an ignited fusee 
(i.e., highway flare) or portfire (portfires are rarely 
used in the US). For safety, the fusee should be at- 
tached to a wooden or metal rod that acts as an ex- 
tender and should be carried somewhat behind the 
body of the shooter. 


Upon reaching the mortar, the shooter crouches and 
extends the empty hand forward to remove the safety 
cap that has been left on the shell leader fuse (shown 
below ina series of photos.) 


After removing the safety cap, the shooter continues 
to crouch while extending the fusee forward and 
stepping backward. 


- 


Once this motion is complete, the flame of the fusee 
is used to ignite the tip of the delay element on the 
end of the shell leader fuse. 
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Immediately, the shooter takes at least another step 
away from the mortar and crouches close to the 
ground, remaining in this position until the shell fires 
from the mortar. 


Once the shell fires, the shooter is free to return to the 
mortars and fire another shell. 


Under no circumstance should the shooter attempt to 
ignite more than one shell at a time as that may pre- 
vent the shooter from taking the proper position be- 
fore the first shell fires and may preclude detecting a 
hangfire or misfire if it occurs. 


Inthe event ofa hangfire or misfire, the shooter places 
a marker by the mortar and alerts the loader that a 
shell has failed to fire from that mortar and that there 
must be no attempt to reload that specific mortar. 


For chain-fused aerial shells, the shooter should re- 
treat at least 25 feet (8 m) after igniting the chain. If 
re-ignition of a chain is needed, that should only be 
done at a preinstalled chain-fused re-ignition point. 
Failing to use a proper reignition point will require 
the shooter to burn through the paper of the quick 
match with a fusee (or other igniter) to ignite it. This 
will cause the shells to fire almost instantly, when the 
shooter is still in close proximity. Very serious acci- 
dents have occurred when, on occasion, some of 
those immediately firing shells have malfunctioned. 


MANUAL AERIAL SHELL LOADING PROCEDURE — 
After a shell has been carefully inspected at the dis- 
play site for the presence of adequate lift charge and 
observed for potential damage to the shell leader, the 
paper or rubber band holding the coiled shell leader is 
removed and the fuse is uncoiled (shown below). The 
safety cap covering the end of the shell leader is left 
attached. If the aerial shell has a lowering cord, that 
should also be uncoiled. 
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Next, the shell is carried to the appropriate size mor- 
tar for loading. Two methods are commonly used to 
accomplish loading. In the first method, the shell is 
held by the leader fuse, several inches from the top of 
the shell (shown below). For shells larger than 6 inches, 
150 mm, the shell is supported by both the leader and 
lowering cord. 


Next, the shell is swung slightly forward such that it 
swings out and over the top of the mortar to be loaded 
(shown left below). In the same motion, the shell is 
lowered enough to catch on the top of the mortar. 


The next step is to lower the 
shell until it reaches the 
bottom of the mortar. As 
the final step in this method 
of shell loading, the re- 
maining shell leader is al- 
lowed to hang over the top 
of the mortar with its safety 
cap left in place (not 
shown) as seen at the right. 


In the second method, as 
the loader reaches the mor- 
tar to be loaded, either the top of the shell, or its leader 
fuse immediately above the shell, is held by the loader 
(shown left below). The bottom of the shell is then 
extended slightly to catch on the top edge of the mor- 
tar, being careful not to place one’s fingers directly 
over the mortar opening. 
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The shell is then lowered into the mortar as described 
and shown for the first method. 


The first method is somewhat safer because greater 
distance is maintained between one’s fingers, the shell 
and the top of the mortar. Relatively inexperienced 
loaders may find the second method easier to imple- 
ment. 


One of the cardinal rules for shell loading is to never 
have any body parts over the top of a mortar. It is al- 
ways possible that what is thought to be an unloaded 
mortar in fact has been loaded and contains an un- 
fired or perhaps a hangfire shell. Placing one’s hands, 
fingers or other body parts over such a mortar seri- 
ously endangers the loader. It is also possible that 
still-burning material is present at the bottom of the 
mortar, in which case, a premature ignition could oc- 
cur as the shell is placed into the mortar, especially if 
an undetected rupture occurred in the paper covering 
the lift charge or shell leader. 


MANUAL FIREWORK DISPLAY CREW ASSIGNMENT 
— For a manually fired display, a firing crew will ide- 


ally consist of one or more groups of 4 people plus a 
display operator (the person in charge). 


Mortars 


Shooter 


Loaders aN 


t 


Operator = 
Ready Box 


There will be usually be: 

1 — ready box tender 

2 — loaders and 

1 — shooter. 
The ready box tender removes aerial shells from the 
ready box and hands them to the loader. The loader 
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loads the shell into the mortar in preparation for its 
firing by the shooter. This works well because the 
workload is well balanced. If appropriate procedures 
are followed, a shooter will be able to fire shells at 
about the same rate as two people can load them into 
mortars. Similarly, one person (the ready box tender) 
will be able to supply the appropriate shells to two 
loaders. 


Although not part of the firing crew, often there is a 
spotter, if the task is not performed by the display op- 
erator. The spotter will observe the functioning of the 
aerial shells to identify duds and to watch for other 
problems such as burning debris falling into spectator 
areas. 


Also, not part of the firing crew will be several crowd 
control monitors (most often supplied by the sponsor 
of the display), who are positioned to keep spectators 
from entering the secured display site. The spotter 
and monitors will immediately notify the display op- 
erator if there are problems. 


MANUAL FIREWORK IGNITION — The discharge of 


fireworks by a person directly applying a flame source 
toits fuse, as distinct from electrical ignition. In many 
respects, because of the close proximity of the person 
to the fireworks during the course of the display, man- 
ual ignition is more hazardous than electrical ignition. 
When manual ignition is combined with aerial shell 
reloading during the display, many fewer mortars are 
needed. Overall, when manual ignition is performed by 
sufficiently skilled persons, highly effective displays 
can be performed with a reasonable degree of safety. 


For a manually fired display, the use of appropriate 
personal protective equipment is required. 


MANUAL FLAME EFFECT — See flame effect mode of 


operation. 


MANUFACTURER - In the parlance ofthe US Bureau of 


Alcohol, Tobacco, Firearms and Explosives (BATFE), 
a manufacturer (of explosives) is the person or entity 
that combines non-explosive materials to make explo- 
sives. Accordingly, by that definition, a person who 
purchases pre-made explosive materials and assem- 
bles them into devices is not a ‘manufacturer’ of ex- 
plosives but rather a ‘user’ of explosives. In the codes 
of the National Fire Protection Association, a person 
compounding the explosives and a person assembling 
them into devices are each considered to be manufac- 
turers. 


In the case of binary pyrotechnic materials (i.e., binary 
systems), the National Fire Protection Association 
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considers only the packager of the non-pyrotechnic 
components to be the manufacturer, not the person 
mixing them prior to their use. Although, in the view 
of the US BATFE, the reverse is the case. 


It is not likely that these apparent contradictions will 
soon be resolved. 


MANUFACTURING CODE — Markings on an item or 
container providing, as a minimum, the name of the 
manufacturer and the date of manufacture. A manu- 
facturing code (or standard) may also enumerate reg- 
ulations and requirements for the manufacture of py- 
rotechnics and explosives (e.g., in the US, NFPA 
1124, “Code for the Manufacture, Transportation, 
Storage, and Retail Sales of Fireworks and Pyrotechnic 
Articles”, NFPA 1125, “Code for the Manufacture of 
Model Rocket and High-Power Rocket Motors” and 
NFPA 495, “Explosive Materials Code”). 


MARBLE HIT — A Sweeny ball loaded with a clear, 
colorless glass marble, fired from a Sweeny gun. It is 
used to simulate a bullet passing through a glass win- 
dow or similar material. 


MARC — [processed biological material] — The residue 
remaining after plant material has been subjected to 
some process (e.g., solvent extraction or pressing) to 
extract a valuable product. As waste by-products, 
marcs are very inexpensive and have found occasional 
use as pyrotechnic fuels. See nut marc. 


MARGIN OF ERROR — See confidence level. 


MARINE SIGNAL — Any of a range of devices specifi- 
cally for signaling on or near water. Some of these 
devices are discussed below. Pyrotechnic smoke gen- 
erators and flare devices that may be used in a mari- 
time environment, but which have a much wider range 
of applications, are not included. 


blue light (signal) — (Also bengola, pilot’s light, 
ship’s light or ship’s flare) — A blue light was a hand- 
held flare burning with a bluish-white flame that was 
commonly used as a maritime signal for attracting at- 
tention to a ship. Later, when distinctive colors be- 
came available, red flares were used as signals of dis- 
tress. The old blue lights continued to be used to at- 
tract attention in other circumstances, especially to 
request the services of a harbor pilot. 


Like the blue light consumer firework, the blue light 
signal consisted of a paper case charged with plain 
Bengal fire composition, but the signals were much 
larger and were fitted with a substantial wooden han- 
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dle. Anexample of a late 19" century blue light signal 
is shown below. 


Ignition of this signal was accomplished by a method 
much the same as that still used today for fusees. A 
wooden plug stored in a hole in the end of the handle 
was tipped with a friction striker-composition con- 
taining red phosphorus, similar to that used as the 
striking surface for a safety match. The top of the 
signal composition was coated with a layer of com- 
position containing potassium chlorate, similar to that 
used in the head of a safety match. To ignite the sig- 
nal, a tape at the top end of the blue light was torn 
away to expose the ignition composition. The wood- 
en plug at the end of the handle was then withdrawn 
and ignition was accomplished by scraping the striker 
across the exposed ignition composition. 


The flame of a blue light would be considered whitish 
(see colored-flame chemistry (white flame)) in com- 
parison to the much more saturated blue pyrotechnic 
flames that were later achieved after the introduction 
of potassium chlorate as a component of colored-flame 
composition. Compared to the yellowish-white flames 
of oil lamps or pyrotechnic flames not containing an- 
timony or arsenic, the flame of the blue light ap- 
peared sufficiently blue to merit the name. 


Formulations for blue light signals (dating from the 
early to late 19" century) are presented below (1 to 4). 
After the use of potassium chlorate became common, 
blue lights were charged with compositions containing 
potassium chlorate, fuels and various copper salts. An 
example of one such composition (dating from the 
early 20" century) is presented below (5). 


Formulation | Parts by Weight 
Ingredient | 
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a) Also known as copper oxychloride. 
1 to 3) Marshall, 1822. 


4) Weingart, 1947. 5) Davis, 1943. 


day-night marine signal — (Also marker) — A device 
that produces both light and smoke as a signal. It is 
used to identify a location on the water, often with a 
means of flotation to provide for its proper orientation. 
Some of these devices are actually a combination of 
two devices in a single package, and the user has the 
option of using it to produce light, smoke or both. 
(See day-night signal.) 


floating flare — (Also drift signal or float signal) — 
A safety signal designed to float on the surface of 
water and emit light, and possibly smoke, as a signal. 
For example, floating flares may be used to help find 
survivors of a boat accident at sea. The Holmes light 
(see below) is an early example of such a device that 
was water activated and often attached to a life buoy 
(i.e., personal floatation device). One common type 
of floating flare uses the pyrophoricity of phosphine 
generated by the reaction of water with a phosphide 
to produce the visible flame. 


Holmes light — A marine signal patented in 1876 by 
English telegraph engineer Nathaniel John Holmes 
(1824-1888) and his associate J. H. Player (British 
Patent 4215 of 1876). For many years, the Holmes 
light was almost universally used in conjunction with 
the lifebuoys carried by all ships to assist in the res- 
cue of persons falling overboard. 


A Holmes light consisted of a small metal can con- 
taining granules of calcium carbide [CaC2] and calcium 
phosphide [Ca3P2]. The can was provided with a buoy- 
ancy chamber and was weighted so that it floated up- 
right in the water. Openings at the top and bottom of 
the can were sealed with a soft metal sheet attached 
to metal rings, which were connected by a short 
length of strong cord. Another metal ring was provided 
for the attachment of a long cord or line connecting 
the device to a lifebuoy. 


Onboard ship, a Holmes light would be stored next to 
a lifebuoy, with a short cord fixed firmly to the sup- 
porting structure and the long line attached to the 
lifebuoy. When the lifebuoy was thrown overboard, 
the soft metal seals on the light would be torn away. 
Then, as the light floated upright in the sea, water en- 
tered the lower opening and immediately reacted with 
the chemicals inside the can. This generated a mixture 
of acetylene [C2H2] and phosphorus hydrides, primari- 
ly phosphine [PH3] with smaller amounts of diphos- 
phine [P2H,]: 


CaC, + 2H,O > Ca** + 20H + CoHr2) 
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Ca3zP> Tr 6 H2O > 
3 Ca** + 6OH + 2 PH3Qg) 


Ca3P2 a 6 HO > 
3 Ca’* + 6OH + PoHag) + Hog) 


Diphosphine is spontaneously flammable in_ air. 
Thus, the mixture of gases emerging from the top of 
the device would ignite instantly upon exposure to the 
air. The resulting smoky flame was easily visible 
both by day and by night to guide the distressed person 
to the lifebuoy. It also guided rescuers to the site; this 
is an important consideration since it takes some time 
to stop a ship and launch a lifeboat. The flame lasted 
for a long time, and, as long as unconsumed chemi- 
cals remained, the flame immediately re-ignited itself 
if it happened to be extinguished. 


Similar devices, activated by immersion in a bucket 
of water, were once used as emergency shipboard 
lights. The same principle was also used to provide 
smoke and flame to assist in tracking torpedoes in 
naval training exercises. Variations on the Holmes 
light were patented in the US well into the 20" century. 
For example, Patent 1,445,222 was awarded to Charles 
Linhardt, Jr. in 1923. The following illustration, 
adapted from Figure | of Linhardt’s patent, shows the 
device ready for use. 


In this drawing, A is the ship’s rail; B is the lifebuoy, 
suspended from hooks C and connected by a line D to 
the light E. The light is connected to the rail by a 
hook N1 attached to a ring N fixed to cap M of the 
light. When the cap is torn away, a rod attached to it 
opens a seal at the bottom of the light, providing for 
the entry of seawater. 


lifebuoy marker — A marine signal attached to an 
emergency lifebuoy by a line and activated automati- 
cally when the lifebuoy is thrown. The intent is to 
make the position of the lifebuoy obvious to the per- 
son to whom the buoy has been thrown and to guide 
rescuers to the person. 
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For many years, the Holmes light (see above) was 
universally used for this purpose, but it has the disad- 
vantage that its flame presents a hazard if spilled fuel 
is present. This hazard led to replacement of the 
Holmes light with lifebuoy markers that have battery- 
operated lamps to provide nighttime visibility and py- 
rotechnically-generated smoke for daytime visibility. 
A well-designed smoke generator performs without the 
production of flame and does not present the same 
level of hazard in the presence of spilled fuel as a 
Holmes light. A prolonged signal is required because 
large ships take a considerable time to stop, so a ship 
may travel some distance from the lifebuoy before a 
rescue can begin. 


The Comet 9161600 Light 
and Smoke Signal (shown at 
the right) provides two bat- 
tery-operated lights and a 15- 
minute pyrotechnic orange 
smoke signal. 


The smoke unit is ignited by 
a pull-wire igniter, and its end 
is attached to the mounting 
bracket of the signal. Thus, 
when the signal is deployed, 
the wire is pulled, and the 
production of smoke follows 
shortly thereafter. 


Photo credit: 
www.cometmarine.co.uk 


socket signal — A pyrotechnic signal used at sea by 
a vessel in distress to attract attention. The socket 
signal was fired from a mortar (described as a socket) 
that was attached to the rail of a ship. 


MARKER - See marine signal (day-night marine signal). 


MAROON - A pyrotechnic device intended to produce 
only a loud explosive sound. Marron is French for 
chestnut; presumably, the term arises because chest- 
nuts sometimes explode loudly when being roasted. 


In fireworks: In the past, maroon was used to refer to 
what we now describe as a salute. It was either a 
ground device or an aerial shell (containing no stars) 
and was designed to make only the loud sound of an 
explosion. A maroon was originally made with a 
charge of Black Powder strongly encased by many 
turns of cord and often coated with resin. The strong 
encasement was essential to produce the loud sound 
of an explosion. In the absence of reactive metal fuels, 
maroons did not produce a particularly bright flash of 
light. The illustration at the right below is from an old 
catalog of the British pyrotechnics firm C.T. Brock & 
Co.’s ‘Crystal Palace’ Fireworks Ltd. The triangular 
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structure on the bottom is 
the lift cup, and the quick 
match shell leader extends 
from the top. Also clearly 
seen are the horizontal 
wraps of cord providing 
confinement of the Black 
Powder charge. 


After potassium chlorate 
became commonly used in 
the 19 century, reports 
could be made that pro- 
duced a sharper crack with 
a less strong casing. These 
maroons often used mix- 
tures of potassium chlo- 
rate, sulfur, rosin and charcoal. Then, when suitable 
metal fuels became available, the truly bright flashes 
of light associated with flash powders were possible. 
At present, maroons of the old design are rarely, if 
ever, used. 


In pyrotechnic special _ef- 
fects: Originally, maroons 


used in stage productions 
were also charged with Black 
Powder and required the 
strong confinement usually 
provided by wraps of heavy 
cord. A rare model of a mid- 
late Victorian (ca. 1870) the- 
atrical maroon manufactured 
by British ammunition mak- 
ers Dyer and Robson is 
shown at the right. 


Illustration Credit: 
The Firework Museum 


Photo Credit: 
The Firework Museum 


At present in the US, loud explosive sounds for stage 
use are commonly made using a concussion mortar or 
a cannon simulator. In some countries (e.g., Great 
Britain and in Europe), it is common to use a small, 
electrically-fired device still referred to as a maroon 
or stage maroon that is loaded with flash powder. Be- 
low is a simplified cross-sectional illustration of its 
typical construction. 


Electric 
Match 
Leg Wires 


Flash Powder 


Paper 
Casing 


Typically, stage maroons are required to be fired 
within a bomb tank, which is designed to allow the 
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sound of the explosion to leave and to retain any 
dangerous debris produced. 


MARRIED COMET - See comet type. 

MARRIED STAR - See star manufacturing. 
MARRIOTT’S LAW — See gas law (Boyle’s law). 
MASKING TAPE — See tape type. 


MASS -— (Symbol: m) — The measure of the resistance 
of an object to any change in its state of rest or uni- 
form motion; it is a quantitative measure of inertia. 


The ratio of force (F) to acceleration (a) for a given 
body is constant for that body and defines its mass 
(m) as: 

F 


m=— 
a 


The SI unit of mass is the kilogram (kg). 


MASS BALANCE - For steady state burning in a rocket 
motor, the mass generation rate from burning the 
propellant in the combustion chamber and the mass 
discharge rate through the nozzle are equal, thus es- 
tablishing a mass balance. 


MASS BURN RATE - See burn rate. 
MASS DETONATION — See detonation type. 


MASS EXPLOSION — A term, not precisely defined, 
that refers to the essentially simultaneous and instan- 
taneous functioning of a collection of explosive units, 
whether they are high or low explosives. 


The principal area of confusion is the length of time 
over which the individual explosive units can operate 
and still be considered mass exploding. In some test 
protocols, only the visual (and possibly aural) percep- 
tion of a human observer is used to establish simulta- 
neity. 


MASS FIRE — The rapid burning of an entire quantity 
of explosives under consideration. Typically, a mass 
fire occurs within a few seconds at most and produces 
extensive flame (or a fireball), along with intense ra- 
diant heat with relatively minor explosive and projec- 
tion effects. 


MASS FLOW RATE — The rate of propellant combustion 
products crossing a plane perpendicular to the axis of 


the nozzle (in units of mass per time). 
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MASS FRACTION — (Symbol: & or y) — (Also weight 
fraction) — The mass (or weight) of one of the compo- 
nents, in a system containing more than one compo- 
nent, divided by the total mass of all the components. 


In rocketry: See propellant mass ratio. 
MASSICOT -— See /ead(II) oxide. 
MASS, MOLECULAR — See molecular mass. 


MASS RATIO, PROPELLANT — See propellant mass 
ratio. 


MASS STRENGTH — See explosive strength. 


MASTIC — (Also mastiche) — 
[processed biological ma- 
terial] — A resin, once used 
asa binder in pyrotechnics. 
It is a yellowish-white, 
translucent resin with a 
characteristic spicy odor. 
Anexample of some mastic 
nodules (roughly 0.3 inch, 8 
mm, in diameter) is shown 
at the right. Such nodules are referred to as ‘tears’. 


Mastic is derived from Pistacia lentiscus, an evergreen 
shrub or small tree native to regions around the Medi- 
terranean Sea and to the Canary Islands. Mastic also 
comes from a cultivated variety, grown on the Greek 
island of Chios; it yields resinous sap when the bark 
is cut. The sap, dried in the sun, becomes mastic. It is 
also used as a flavoring and as chewing gum. 


Formulations: A small percentage of mastic is included 
in several compositions, presumably as a binder, for 
firework stars from the mid 19" century (Winkelblech, 
1851). Its use for this purpose 1s now obsolete. Formu- 
lations 1 to 4 are for red, yellow, green and blue stars. 


Formulation —| Parts by Weight 
Ingredient | 
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MATCH (noun) — Describes various pyrotechnic items, 
depending on the specific area of endeavor. 


In_ fireworks: Match is occasionally used as non- 
specific jargon for quick match, black match or an elec- 
tric match. 


In special effects: Match may be used to designate a 
type of short circuit effect described as arcing match 
or sparking match. 


In civilian pyrotechnics: Match describes any of a col- 
lection of devices used to produce fire or to transport 
fire to an item to be ignited. Originally, the term was 
used for specially prepared candlewicks and for wax- 
coated or sulfur-coated wood splints that could be ig- 
nited from some existing fire, such as a fireplace or 
stove, and then carried to ignite something else, such 
as a lamp or a candle. In the 1830s, the word match 
began to be used for a variety of fire-starting devices 
consisting of a wooden splint or small stick tipped 
with a pyrotechnic composition that could be ignited 
by scraping it on a rough or specially treated surface. 
Eventually, match came to refer almost exclusively to 
these devices. 


In military pyrotechnics: The term was applied to cord- 
age treated chemically to burn slowly (slow match) or 
quickly (black match, which at the time was de- 
scribed as quick match). 


MATCH (verb) — To attach an ignition device, specifi- 
cally black match, quick match or an electric match, 
to some pyrotechnic device or collection of devices. 


MATCH, BARBEQUE — See match, fireplace. 
MATCH, BENGAL — See Bengal. 
MATCH, BLACK- See black match. 


MATCH, BLOCK or MATCH, BOOK — See match, tear- 


off. 


MATCHBOOK -— A small piece of heavy paper folded 
over and enclosing several small, flexible (usually 
cardboard) safety matches known as book or tear-off 
matches. A match striker surface, containing red phos- 
phorus, is coated in a strip across the book near the 
bottom edge. Originally, the striking surface was lo- 
cated on the front of the book, below the matches. 
For safety, as shown below, the striking surface is now 
more commonly placed on the back of the book, so it 
is less likely that the remaining matches will be ignit- 
ed accidentally as a result of striking a single match. 


Page 776 


= 
: 
= 


The matchbook was patented in 1892 (US 483,166) by 
American attorney and inventor Joshua Pusey (1842— 
1906). Book matches were first manufactured on a 
commercial scale in 1892 by the Binghamton Match 
Co., New York. Various infringement lawsuits con- 
tinued for several years, and Pusey finally sold his 
patent to the Diamond Match Company in 1896. 


Matchbooks quickly became the most commonly 
used type of friction match in the US. Their use di- 
minished considerably after the advent of reliable bu- 
tane lighters. 


MATCHBOX - (Also match box) — A small container 


for holding friction matches, commonly made of card- 
board, but occasionally today and very commonly in 
the past, made of thin wood veneer covered with paper. 
Matchboxes are occasionally, but rarely, made from 
plastic. Matchboxes usually consist of two parts. Typ- 
ically, there is an outer cover, correctly described as a 
sleeve, which is commonly provided on at least one 
side with a match striker surface. There is also an inner 
tray that holds the matches, and which is a sliding fit in 
the sleeve. In use, the tray is pushed an adequate dis- 
tance out of the sleeve to expose the matches, a match 
is removed, the tray is pushed back into the sleeve (to 
protect the remaining matches) and the match is struck 
on the striking surface on the side of the sleeve. A 
matchbox provided with a sandpaper-striking surface 
for strike-anywhere matches is shown below. 


A 


a \ ee LM se 


| [ROSEINE MATCHES) 


Sandpaper Striking Surface 


The terms matchbox and match safe can be synony- 
mous. 
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MATCH, BRAIDED — Sometimes the match heads and ers are designed to explode two or more times and 
sticks of Vesuvian matches and flamer matches were have two or more separate crackers inside the case in- 
braided with fine wire or cotton strands to prevent the terconnected with a short piece of fuse. 
burning head from falling off the matchstick as 
shown below. Such matches were described as braided 
Vesuvians, braided flamers, braided cigar lights or 
Braided Fixed Stars. They had become obsolete by 
the middle of the 20" century. 


MATCH, CHANCEL - See match, historical. [ | i 


MATCH, CHRYSANTHEMUM - See match, Japanese. 


MATCH, DRUNKARD’S — A type of friction match with 
a specially-treated matchstick that renders the greater 
part of the stick incombustible, with the intention of 
protecting the fingers of an intoxicated person who 
might forget to extinguish the match after use. 


MATCH, COMB — See match, tear-off. 


MATCH, CONGREVE — See match, historical (Lucifer 
match). 


MATCH CRACKER — A type of firecracker that is ig- 
nited by scraping its end, with pyrotechnic composi- 
tion exposed, on a safety match striker surface. This 
action ignites the composition that in turn ignites a 
fuse or may lead after a few seconds, directly to the 
flash powder inside the firecracker. Match crackers are 
popular in Germany and some other European coun- 
tries, where they are commonly described as knell- 
k6rper (translated from German as banger or fire- 
cracker). An example of match crackers is shown be- 
low. 


MATCH, ELECTRIC — See electric match. 


MATCH, FANCY — An Indian term for a firework 
match. Also, see Bengal (Bengal match). 


MATCH, FIREPLACE -— (Al- 
so barbecue match) —- A 
type of friction match, 
usually a safety match, 
with an unusually long 
matchstick to provide in- 
creased burn time and to 
facilitate the ignition of a 
flame at a place that would 
be difficult, impossible or 
unsafe to reach using a 
match with a conventional- 
length stick. An example is 
shown at the right. 


MATCH, FIRESTARTER — 
(Also strike-able firestarter) — A type of safety match 


ag. 


see sneiseessaeenae anes eeeees HH that has an unusually thick (i.e., squat) matchstick 
made of coarse-grained fiberboard that has been 
soaked in paraffin wax as shown below. After strik- 
ing, this match continues to provide an intense flame 
for several minutes after ignition, thus facilitating the 
starting of a fire for useful purposes. 


Match crackers are available in a wide variety of sizes, 
such as those shown below, which range in diameter 
from approximately 4 inch (6 mm) to over 2 inches 
(50 mm), as shown below. Also, some match crack- 


Encyclopedic Dictionary of Pyrotechnics Page 777 


Bryant 
“May 


FIRESTARTER 
MAVCHIES 


ASATETY MATCH AND FIRELIGHTER IN ON: 


ostaee fA 
20 211 


MATCH, FIREWORK - A type of friction match with 
an enlarged match head that produces a firework ef- 
fect when burned. These matches are usually tipped 
with safety match head composition for their ignition 
and are used as miniature hand-held fireworks. 


gold match — (Also golden rain match) — A firework 
match that produces a yellow flame and a shower of 
golden sparks when ignited. The label from an Indian 
example of these matches is shown below. 


THE NATIONAL MATCH WORKS SIVAKASI 


joker match — The term joker match is sometimes 
used in India for firework matches, including Bengal 
matches and sparkler matches. A pair of labels for 
red and green Bengal matches using the name joker 
matches is shown below. 


JOKER MATCHES 


South Indian 
Lucifer Match Works 
SIVAKASI 


silver match — (Also silver rain match or snow 
match) — A firework match that produces a white 
flame and a shower of white (silver) sparks when ig- 
nited. The label from an Indian example of these 
matches is shown below. A white spark-producing 
special effect product is also described as_ silver 
match, but it is of substantially different design. 
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sparkler match — A firework match made with a 
pyrotechnic composition that generates a spray of 
sparks when burned. Examples from India and Ger- 
many are shown below. 


* 


SPARKLER / MATCHES 


» TURN AROUND QUICKLY 
iM A CIRCLE WHEN LiT™ 


In 1929 US Patent 1,709,033 was awarded to Charles 
Miller for a conventional wire-cored steel sparkler 
tipped with a composition that could be ignited by 
friction. In one form of the invention, the tip was ig- 
nitable by rubbing against any rough surface; in an- 
other, it had to be rubbed against a specially prepared 
striking surface. The analogy with strike-anywhere 
matches and safety matches is obvious. 


star match — A term sometimes used in India for a 
sparkler match is shown below. 


BHARATH MATCH WORKS SIVAKAS! 


star-rain match — A firework match patented in 
1893 by German match manufacturer Gustav Gillis- 
chewski (German Imperial Patent 68794) is shown 
below. 
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Photo credit: Axel Winner 


This is of historical interest as a precursor to the 
sparkler match and thus to the very popular wire- 
cored sparkler. The sparkling composition is presented 
below. 


Ingredient Parts by Weight 


a) The steel filings were coated with stearin to prevent 
rust. 


b) Shellac as an alcohol solution of sufficient concentration 
to make a paste suitable for dipping. 


MATCH, FLAMER — A type of fusee match in which the 
composition of the large match head was formulated 
to produce a long-lasting flame, suitable for lighting a 
cigar outdoors in windy weather. They were intro- 
duced in the mid-1860s; an example is shown below. 


Photo Credit: Alan Downer 


Modern versions of flamers are encountered as storm 
matches and windproof matches. In the early 1880s, 
flamers that burned with colored flames were intro- 
duced as miniature fireworks and became known as 
Bengal matches. 


MATCH FRAME — A frame (often made of wood) that 
rotates between two upright supports. The frame is ro- 
tated while the wet black match is wrapped around it 
with a small separation between the strands of match. 
An example is shown at the right below, where A is 
the wooden frame, B is one of two metal pipes at the 
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ends of the frame around 
which the black match (C) 
has been wound. 


il] WE 


a HAT | 
iif F }) 


Once the wet match has 
been wound on the frame, 
it is allowed to dry. The 
dried black match can then 
be cut from the frame for 
use as black match for 
priming devices or for 
cross-match fuse. As an 
alternative, the match can 
be unwound from the 
frame to be used to make 
quick match. 


Photo credit: Harry Gilliam 


MATCH, FRICTION — A matchstick tipped with any 


appropriate pyrotechnic composition so that it can be 
ignited by friction (i.e., by scraping on a rough sur- 
face). For more information on some of the wide va- 
riety of friction matches, see match, historical (fric- 
tion lights); match, strike-anywhere; and match, safety. 


MATCH, FUSEE — (Also safety fusee) — Originally, a 


type of friction match that burns with an incandescent 
glow rather than a flame. These matches were evi- 
dently introduced (and named) by English chemist 
and match entrepreneur Samuel Jones (1801—c. 1859) 
(see matches, historical) in 1832. They were intended 
for lighting cigars and pipes, especially outdoors. The 
original fusee matches, as shown below, had match- 
sticks made of thick, coarse, loose-textured cardboard 
that had been soaked in a solution of potassium ni- 
trate and dried, so that the stick became a crude pyro- 
technic composition similar to touch paper. The 
treated cardboard, in the form of long rectangular 
strips, was slit to form ‘tear off matchsticks, as 
shown in the picture. The sticks were then partially 
separated in a ‘staggered’ fashion and hand-dipped 
into a slurry of one of the ‘strike anywhere’ match 
head compositions of the day, then allowed to dry. In 
the example shown below, the match head composi- 
tion has been colored red, probably by the addition of 
a small percentage of vermillion (mercury(I) sulfide, 
HgS) or Venetian red (iron(IID) oxide, Fe203). 


Photo Credit: Alan Downer 


Later, the name ‘fusee’ was applied to friction matches 
with enlarged match heads made of a pyrotechnic 
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composition that burned slowly, without a flame (see MATCH, GOLD and MATCH, GOLDEN RAIN — Sce 
match, Vesuvian). More recently, fusee matches with match, firework. 

match heads made of a non-flaming safety match 

composition were made for lighting blasting safety MATCH HEAD - A bulbous deposit of pyrotechnic 
fuse and some types of fuse igniters. An example composition at the end of a matchstick, formed by 
from the 1960s is shown below. dipping the stick into a slurry of pyrotechnic match 
composition and allowing it to dry. Match head may 
also refer to the pyrotechnic portion (tip) of an elec- 
tric match. 


MATCH, HISTORICAL (fire starters) — Information on 
the history of current strike-anywhere matches and 
safety matches can be found in those entries. 


Chancel match — The first practical pyrotechnic fire- 
Matches of similar appearance, but with a composition starting device was invented in 1805 by a Frenchman, 
that burns with a flame, were originally introduced in Jean-Joseph-Louis Chancel (1779-1837). 
the 1860s as Flaming fusees (see match, flamer). An 


: The Chancel match consisted of a wooden splint 
early example is shown below. 


tipped with a mixture of potassium chlorate, sugar 
and a gum (1.e., binder). It was ignited by contact be- 
tween the match head and concentrated sulfuric acid 
contained in a small glass vial. Later, to reduce dam- 
age to clothing, upholstery and rugs by leaking acid, 
asbestos fibers were placed in the vial so that the acid 
was absorbed in a loose pad of asbestos. A more reli- 
able version of the Chancel match consisted of a sul- 
fur-coated wooden splint tipped with the composition 
presented below (Crass, 1941). 


Ingredient Parts by Weight 


Photo Credit: Alan Downer 


Similar matches are sold today as windproof matches 
or storm matches. 


MATCH, FUSEE VESTA — A vesta match (see match, a) A solution containing 4 parts gum Arabic and 6 parts 
historical) having an enlarged match head (as in a fu- gum tragacanth. 
see match) on a wax stem; an example is shown be- The mercury(I) sulfide (cinnabar) evidently was pre- 


low. sent to color the tip red. Unfortunately, it would gen- 


erate mercury vapor (a cumulative poison) on ignition. 
Instantaneous light boxes containing Chancel matches, 
a vial of acid and a candle were very popular in the 
first quarter of the 19" century and remained in use 
up to the mid-1840s, in both Europe and the US. The 
name Empyrion was often used for these devices. 


Promethean match — A fire-starting device, based 
on the same principle as the Chancel match, patented 
in 1828 in London by English chemist and match en- 
trepreneur Samuel Jones (1801—c. 1859). The Prome- 
thean match consisted of a small glass capsule (con- 
taining sulfuric acid), which was coated with the 
Photo Credit: Alan Downer composition presented below (Clayton, 1911). 
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Ingredient Parts by Weight 


ssium chlorate | 


The acid consisted of 61.9% sulfuric acid and 38.1% 
water that was colored blue with indigo. The pre- 
pared capsule was wrapped in a roll of paper about 3 
inches (75 mm) in length. When the glass capsule 
was crushed with pliers or some other means, the acid 
ignited the composition, which would burn vigorously 
and ignite the paper. 


The name derives from Prometheus, who in Greek 
mythology stole fire from Heaven and gave it to 
mankind. In 1839 English naturalist Charles Darwin 
(1809-1882) in the “Voyage of the Beagle” wrote, ‘I 
carried with me some Promethean matches, which I 
ignited by biting; it was thought so wonderful that a 
man should strike fire with his teeth, that it was usual 
to collect the whole family to see it: I was once of- 
fered a dollar for a single one.’ 


Friction Lights — The earliest version of the friction 
match made in 1826 at Stockton-on Tees by John 
Walker (1781-1859), a British pharmacist. The head 
of this type of match consisted of equal parts of anti- 
mony(II) sulfide and potassium chlorate, bound with 
gum and starch. It was ignited (rather unreliably) by 
pulling the match through a folded piece of sandpaper. 
Walker is said to have invented the friction match as 
a result of his preparation of mixtures of potassium 
chlorate and antimony sulfide for customers requiring 
“percussion powder’ for guns. (The percussion system 
for firing guns had been invented in 1805 by a Scottish 
clergyman, the Rev. Alexander Forsyth (1768—1843).) 


The original percussion powder was a mixture of po- 
tassium chlorate and sulfur. In 1825 Walker substi- 
tuted antimony(II]) sulfide for the sulfur and evidently 
found a ready market for the product (a mixture of 
equal parts of potassium chlorate and antimony(III) 
sulfide) among the local gun enthusiasts. The ready 
ignition of this mixture by shock or friction would 
have been well known to Walker. Perhaps in an effort 
to reduce this hazard, he began preparing the mixture 
as a paste with water and mucilage. Apparently, his 
invention of the friction match came about in 1826 
when a wooden stick that had been used to stir this 
paste (and evidently left to dry out) accidentally ig- 
nited by friction when he scraped it on the hearth. 
Walker noticed that the wooden stick continued to 
burn after the initial conflagration of the chemical 
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coating had ceased and was inspired to apply the 
phenomenon as a fire-starting device. 


Walker soon produced practical friction matches and 
began selling them from his pharmacy shop in 1827. 
He originally referred to the matches as Sulphurata 
Hyperoxygenata Frict., but soon changed this to simply 
Friction Lights. 


Lucifers — In 1830 Samuel Jones (see above, Pro- 
methean match) began making and selling friction 
matches, probably after seeing a demonstration of 
Walker’s matches during a lecture by the famous 
English scientist Michael Faraday (1791-1867). Jones 
came up with the name Lucifer (meaning bringer of 
light), and it quickly became a generic name for any 
friction match. The name Lucifer was peculiarly suc- 
cessful; phosphorus matches were commonly known 
by that name for over 60 years and this usage still 
prevails in the Dutch language. A typical composi- 
tion for these early Lucifer matches is presented be- 
low (Crass, 1941). 


Ingredient Parts by Weight 


In 1831 a London chemist and druggist, G. F. Watts, 
began making matches. The wooden splint of his 
matches was first dipped in molten sulfur to help en- 
sure that it would be ignited by the match composi- 
tion. Finally, Jones, Watts and Richard Bell amalga- 
mated and began selling matches under the name 
Blue Bell. Bell was an innovator and introduced spe- 
cially made matchsticks instead of the more delicate 
wooden splints. He also colored the slurry of match 
composition blue, giving the matches a distinctive 
appearance. The strong wooden sticks allowed the 
matches to be struck against almost any hard or rough 
surface, but ignition was still unreliable. 


Attempts to improve the reliability of friction matches 
led to the replacement of some of the antimony(III) 
sulfide fuel with the reactive and highly poisonous 
allotrope of phosphorus (P4, white or yellow phos- 
phorus). A Frenchman, Dr. Charles Sauria (1811— 
1895), demonstrated matches of this type in 1831. 
Claims of independent invention of similar matches 
can be found from Austria and Germany, where the 
first large-scale manufacture of these matches took 
place. In England, the new phosphorus-containing 
matches were originally named Congreves after the 
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British inventor of military rockets, Sir William Con- 
greve (1772-1828). This name did not persist, be- 
cause the name Lucifer was already well established. 
In the US, the name Loco Foco (taken from the name 
of a self-igniting cigar) came to be used for these 
matches. Two examples of early phosphorus-con- 
taining match compositions are presented below. 
Formulation (1) dates to 1835 and (2) dates to after 
1850 (Clayton, 1911). 


Formulation — | Parts by Weight 
Ingredie 


a) Not specified further. 


These compositions reflect a trend to reduce the 
phosphorus content of the matches as manufacturers 
became more aware of its associated hazards. 


A tinplate box of British-made Congreves, dating to 
the mid 19" century, is shown below (left) along with 
a cylindrical wooden box of Congreves (right) made 
in Nuremberg, Germany, in the mid 9" century. 


The first US patent (No. 0000068) for phosphorus 
matches was granted in 1836 to A. D. Phillips. His 
composition, presented below, is of interest in that it 
contained no chlorate, evidently relying on chalk 
(i.e., calcium carbonate) as an oxidizer. 


Ingredient Parts by Weight 


Phosphorus Lucifers certainly solved the problem of 
unreliable ignition, but they had the opposite defect: 
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they were prone to accidental ignition. Fires were at- 
tributed to a box of matches left in the sun on a win- 
dowsill, and even the accidental stepping on a match 
caused some tragic fires. In addition, white phosphorus 
is very poisonous, and deaths are recorded of young 
children who had sucked these matches. Also, factory 
workers suffered greatly from inhaling phosphorus 
fumes from the dipping tanks. This produced a de- 
generative bone condition known technically as phos- 
phorus necrosis but commonly described as phossy 
jaw. This condition could become entirely debilitating 
and afflicted many people working in the factories 
manufacturing phosphorus Lucifers throughout the 
latter half of the 19" century. 


Attempts were made to reduce the problem of phos- 
phorus necrosis by regulation of the working condi- 
tions in the factories, but eventually the use of white 
phosphorus in matches was prohibited. The first 
country to enact this prohibition was Finland, in 1872; 
Denmark followed in 1874, France, in 1898. Other 
countries addressed the problem by imposing such 
heavy taxes on phosphorus matches that their manu- 
facture became unprofitable. In 1906 the International 
Association for Labor Legislation held a conference 
in Berne, Switzerland. The result was an international 
treaty prohibiting the manufacture, importation or 
sale of matches containing white phosphorus. 


Britain did not sign this treaty until 1908. For consti- 
tutional reasons, the US never signed the treaty, as it 
was believed that the federal government was not able 
to prohibit manufacture within a state. Instead, the use 
of white phosphorus in domestically produced matches 
was effectively ended in the US in 1913 by the impo- 
sition of a federal tax of 2 cents per hundred matches. 
The federal government had authority over imports 
and, in 1913, used that authority to prohibit importa- 
tion of matches containing white phosphorus. Exports 
of such matches were prohibited in January 1914. 


Safety matches, based on non-toxic red phosphorus, 
were available alongside the Lucifer match for most 
of the 60 years that Lucifers were in use. Safety 
matches were not as popular as Lucifers because of 
the need to strike them on the special striking surface 
on the box, whereas Lucifers would take fire by 
scratching them on nearly any rough surface. 


Vesta — A type of small friction match, usually of 
the strike-anywhere type, named for Vesta, the Ro- 
man goddess of the hearth and hearth fire. Vestas are 
made either with ordinary wooden matchsticks or with 
cylindrical sticks made from cotton fiber coated with 
a mixture of stearin and paraffin wax. The latter types 
are described as wax Vestas. Wax Vestas in a cylin- 
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drical pill box container are shown below. A disk of 
sandpaper was provided on the bottom of the con- 
tainer for striking the match. 


below. 


Wax vestas were very popular in the late 19" and early 
20" centuries, and they are still used in some parts of 
the world. They are no longer available in some 
countries because they are seen to present an unac- 
ceptable fire hazard. 


MATCH, IMPREGNATED — A type of friction match 
having a matchstick that has been soaked in a solution 
of ammonium phosphate to ensure that the match- 
stick does not continue to glow or smolder after the 
flame has been extinguished. This practice is almost 
universal in modern match manufacture; the term is 
mostly seen on historical match labels to distinguish 
such matches from those having untreated sticks. 


MATCH, INCENSE — A type of friction match that gen- 
erates perfumed smoke when burned. There are two 


types. 


The first type of incense match either has an enlarged 
match head made with a composition that, when ig- 
nited, smolders to release perfumed smoke. The 
smoke-producing composition is tipped with a con- 
ventional friction match-head composition so that it 
can be ignited in the usual way by friction with a 
suitable striking surface. A box of these matches is 
shown below. 
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Photo credit: Alan Downer 


Another example, in 
which the somewhat 
larger matches were sup- 
plied in a cylindrical pa- 
per drum or pill box, is 
shown at the right. 


Such matches are exam- 
ples of self-lighting in- 
cense. Other examples 
are disclosed in a 1973 
patent (US 3,754,861) 
issued to Japanese inven- 
tor Junuchi Sadahiro. 


A second type of incense match is similar in appear- 
ance to an ordinary book match, but it differs in that the 
matchstick is specially treated (for example by having 
been soaked in potassium nitrate solution and dried) 
so that it smolders instead of burning with a flame. 
The treated matchstick is also impregnated with some 
pleasant-smelling essential oil that is partially volati- 
lized by the smolder- 
ing of the matchstick. 
Such matches are dis- 
closed in a 1938 patent 
(US 2,139,291) issued 
to American inventor 
Daniel Topjian. An 
open book of a modern 
example of this type of 
incense match is shown 
on the right, where A 
is aconventional safety 
match tip, and B is a 
treated matchstick. To 
use such a match, the match book and the foil wrap 
are opened, a match is torn off and struck in the nor- 
mal way, then any flame that might be produced is 
extinguished by blowing it out, thus leaving the stick 
to smolder and generate pleasant-smelling smoke. 


» Fowi'sc nen bua out Ana 
"PLAGE IN ASHTRAY AS SHOWN ABO) 


With either type of incense match, the smoldering 
match must be placed on a fireproof surface, or in a 
suitable stand, so that it can burn without the risk of 
starting a fire. 
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MATCH, INSECTICIDAL — A type of friction match 
with an enlarged match head made with a pyrotechnic 
composition that generates an insecticidal smoke 
when burned. An example from the Netherlands is 
shown below. 


MATCH, JAPANESE — This term can refer to several 
different things: 


e Any match manufactured in Japan; 


e A firework match (e.g., an aster match or a chrysan- 
themum match) having a pyrotechnic composition 
traditionally associated with Japan, such as those 
producing a senko hanabi effect; or 


e A miniature indoor firework displaying the senko 
hanabi effect. 


One type of Japanese match is a miniature hand-held 
firework consisting of a friction match with an en- 
larged match head made of a composition similar to 
that used in senko hanabi and tipped with safety match 
composition. When struck, the match generated a 
shower of sparkling molten droplets producing a spur- 
fire effect. An old German label for such matches is 
shown farther below. 


Historically: The name ‘Japanese Match’ was applied to 
two types of hand-held firework devices of Japanese 
origin (not matches in the current use of the word). 
One was the traditional senko hanabi twisted-paper 
sparkler; the other was a popular parlor firework in 
19 century Europe. The following formulation is 
from a 19" century firework manual (Browne, 1888). 


Ingredient Parts by Weight 


a) Described as ‘weak gum water’ with the instruction ‘to 
make a stiff paste’. 
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The composition was mixed thoroughly with a mortar 
and pestle, moistened with dilute gum water and then 
formed into cubes approximately 4 inch (6 mm) 
square. When dried, each cube was fixed into a small 
cleft made in the end of a lavender stalk or broom- 
straw. The cube was ignited by holding it in the flame 
of a candle, producing a characteristic senko hanabi 
effect. These little fireworks were described in print in 
England in 1865 by the naturalist and horticulturalist 
Richard Trevor Clarke (1813-1897), who wrote that 
he had first encountered them in his boyhood. This 
indicates that they were being sold in Britain in the 
1820s. In those days they were called ‘Garofanetti’ 
(Italian: ‘little carnations’) or pinks. 


MATCH, JOKER — See match, firework. 


MATCH, KITCHEN — In the US, strike-anywhere 


matches and stick safety matches are sometimes de- 
scribed as kitchen matches. This name originated at a 
time when wood-burning stoves and early gas stoves 
(without a pilot light) were used for cooking and one 
needed to use matches to light them. 


MATCH, LIFEBOAT — A particularly robust type of 


storm match intended to be included in a ship’s lifeboat 
emergency kit. Lifeboat matches are larger than most 
storm matches and may be tipped with a strike- 
anywhere match-head composition. Such matches are 
usually provided in a waterproof container having an 
integral match striker surface. A waterproof container 
for strike-anywhere lifeboat matches is shown below. 
The grooved side of the container is intended for 
striking the match. 


| LIFEBOAT 
curs 
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A container of safety-match 
lifeboat matches is shown at 
the right. In this example, the 
water-resistant striking sur- 
face is painted on the under- 
side of the plastic canister. 


MATCH, LUCIFER — See 


% & W NOPROOF 
match, historical. WATERPROO 


MATCH, PARAFFIN — A type 
of friction match with a 
matchstick that has been 
dipped in molten paraffin 
wax to facilitate the transfer 
of fire from the burning match head to the match- 
stick. This practice is almost universal in modern 
match manufacture; the term is mostly seen on histor- 
ical match labels to distinguish paraffin-treated 
matches from those with untreated sticks and from 
those treated with sulfur. (See sulfur match.) 


WR WAL 
bin 


MATCH, PELLET — An obsolete type of friction match 
that consisted of a pellet or tablet of match head 
composition, without a matchstick. In use, the pellet 
was held in a re-usable holder and ignited by friction 
in the usual way. Patents were granted for various 
dispensers of such matches, usually incorporating a 
container or magazine for the pellets and a holder for 
the ignition of a single pellet. Examples can be seen, 
in US Patent 390,467 issued in 1888 to American in- 
ventor James S. Foley and in US Patent 574,981 is- 
sued in 1897 to American inventor Henry L. Buxton. 
Foley’s device (shown below in the upper drawing) 
somewhat resembled a fountain-pen; whereas Bux- 
ton’s device (shown in the lower drawing) was super- 
ficially similar to a flat rectangular cigarette lighter. 


‘= ae OY see a 


Illustration credit: US Patent 390,467 


Illustration credit: US Patent 574,981 
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A disadvantage of such devices was that a flame was 
available for only a relatively short time. In contrast, 
the contemporary wax vestas provided a flame for a 
much longer time. 


MATCH PIPE — (Also match piping or fuse casing) — 


The loose tube (usually paper) surrounding the black 
match of quick match. The combination of black match 
and the match pipe constitutes quick match. Recent 
production match pipe (left) and quick match (right) 
is shown below. Although it is not clear in the photo- 
graph, the match pipe has been covered with a wrap 
of clear plastic tape, which provides it with a high 
degree of moisture resistance. 


Traditionally, the match pipe would have been more 
nearly round and not plastic covered; it was common 
to include an inner wrap of moisture resistant paper. 
Also, instead of the black match consisting of a collec- 
tion of individual, small, parallel strands, it would have 
been a single, more nearly round, bundle of Black 
Powder-coated strings. An example of this type of 
match pres and quick match is shown below. 
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MATCH, PROMETHEAN - See match, historical. 


MATCH, PULL - A type of friction match provided 


with a special container (shown below). When the 
match is pulled from the container, the match head is 
dragged over a surface coated with match striker 
composition and ignites. British patents for such de- 
vices were issued to a Mr. Newton, in 1836, and to a 
Mr. Bush, in 1842. 
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MATCH, PYROTECHNIC — Any of a wide variety of 
hand-held, fire-starting devices making use of a pyro- 
technic composition. This term is used to make a dis- 
tinction between such matches (see match, historical) 
and earlier types of matches that were made with no 
pyrotechnic composition (e.g., see match, sulfur) at all. 


The term pyrotechnic match is more specifically ap- 
plied to any friction match producing an effect other 
than simple ignition of the matchstick. Such matches 
usually have an enlarged match head of pyrotechnic 
composition covering about one third to one-half the 
stick length. This is often tipped with another compo- 
sition for friction ignition. Examples include firework 
match, Bengal, fusee match, windproof match, storm 
match, lifeboat match, incense match, insecticidal 
match and smoke match. 


MATCH, QUICK — See quick match. 


MATCH-RELATED COLLECTABLES — See collectables, 
match-related. 


MATCH, REPEATEDLY-IGNITABLE — (Also everlast- 
ing match, ignition rod, re-ignitable match, perma- 
nent match) — A type of friction match capable of 
several cycles of being struck, generating a flame, 
and being extinguished. These matches somewhat re- 
semble small crayons, as can be seen in the example 
shown below. The upper photo shows a closed pack, 
holding a single match. The Swedish text on the label 
translates as ‘Invex Company Ignition Rod for Ciga- 
rettes, etc. Dangerous if eaten’. The lower photo 
shows the top flap of the pack raised, exposing the 
very large striking surface. The text translates as 
‘strike straight and lightly on the striking surface’. At 
the bottom of this photo is the match itself. 
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Photo credit: Alan Downer 


Several patents have been issued for repeatedly ignit- 
able matches. An early example was US Patent 
1,903,838 awarded in 1933 to a chemist named Fer- 
dinand Ringer. The inventor was born in 1887 in what 
is now the Polish city of Wadowice. At the time, the 
city was in the Austro-Hungarian empire and Ringer 
later worked in Vienna. His early patents identify him 
as Austrian. His first patent disclosed a simple rod of 
composition, which was preferably enclosed in a 
metal sleeve from which it could be made to project a 
short distance. Ringer claimed that his match could 
be used a hundred times and also claimed that he had 
refused an offer of £555,000 for the 
invention from the Swedish indus- 
trialist and match magnate Ivar 
Kreuger (1880-1932). A few years 
later Hungarian inventors Rudolf 
(Rezs6) K6nig and Zoltan Foldi 
disclosed a different approach in 
which a rod of match composition 
was made the core of the body of 
the match, which consisted of a 
readily combustible organic solid 
such as metaldehyde bound with a 
solution of celluloid in acetone. The 
drawing at the right shows a longi- 
tudinal cross-section of the match. 
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In the drawing, 1 is the core of match composition 
and 2 is the flammable body of the match. Inde- 
pendently, and at about the same time Swedish inven- 
tor Knut Elof Olsson disclosed a match of much the 
same design in a Swedish patent, subsequently issued 
as British Patent 401,905 in 1933. 


Ignition Rods were marketed in the UK by Drown & 
Company Limited in the 1930s, in packs each con- 
taining one rod. There was text on the back of the 
pack citing the patents of Kénig and Féldi and of 
Olsson. An example is shown below. 


| IGNITION oe 


Photo credit: Alan Downer 


At some time in the early 1930s K6nig and Féldi be- 
gan full-scale production tests of their matches. One 
of the machines for extruding the rods of composition 
exploded during the tests and a man was killed. The 
discouraged inventors sold the patent rights and the 
remaining production machines to Ivar Kreuger’s 
company. Kreuger produced the matches commer- 
cially on a rather small scale in Sweden from 1936 to 
1939 but they achieved very limited success and were 
soon abandoned. They were not as easy to use as had 
been hoped. Another disadvantage was the produc- 
tion of a poisonous ‘snow’ of condensed metaldehyde 
vapor when the match was extinguished. 


In 1950 Ferdinand Ringer, now a naturalized United 
States citizen living in New York City, disclosed a 
new composition for a repeatedly-ignitable match. He 
claimed, in US Patent 2,496,815, that the new com- 
position had excellent mechanical properties, did not 
deteriorate under normal conditions and burned from 
the top down. Even if the stick were inadvertently 
tilted, the sides of the stick did not ignite from the 
flame burning at the top. 


Patents for repeatedly-ignitable matches were issued 
up until the mid 1960s, but those already discussed 
provide sufficient illustration of the concepts in- 
volved. Despite the high expectations of the inven- 
tors, repeatedly-ignitable matches never displaced 
conventional book matches or box matches. Some 
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MATCH SAFE — A contain- 


examples of compositions used in these matches are 
presented below. 


Formulation — Parts by Weight 
Ingredient | (1) | (2) | 3) | 4) | ® 
Nitiocelhicee sida ecce ager 


Hexamethylene- 
_tetramine 


Ammonium 
Methyl methacrylate 


Silica, finely divided 


Ammonium 


__ dichromate 


Sodium chlorate 


1. Ringer, US Patent 1,903,838, 1933. 

2. K6nig and Zoltan Féldi, US Patent 2,093,516, 1937. 

This was the core; the body was 87% metaldehyde and 

13% celluloid. 

Ringer, US Patent 2,496,815, 1950. 

Tigrett and Wigal, US Patent 3,272,604, 1966. 

5. Tigrett and Wigal, US Patent 3,321,342, 1967. 1-part 
methyl ethyl ketone was added as a solvent during pro- 
cessing and evaporated when the mass hardened. 


Rw 


er, often decorative, suchas 
the Vesta case (see below), 
for carrying or storing fric- 
tion matches. 


A match safe designed 
with purely practical con- 
siderations in mind is 
shown at the right. 


Vesta case — A match 
safe, often decorative and : 
sometimes made with costly materials, aa for carry- 
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ing wax Vesta matches on 
one’s person. (See match, 
historical (Vesta).) The 
case usually has a section 
of grooved or otherwise 
roughened surface for 
striking the Vesta. A Vesta 
case made of sterling sil- 
ver is shown at the right. 


MATCH, SAFETY — A type 
of friction match consist- 
ing of a matchstick, coated on one end with a match- 
head composition, originally consisting of potassium 
chlorate, sulfur, inert fillers and glue plus a pigment for 
coloring (as illustrated below in cross section). Com- 
bustion of the match-head composition generates 
enough heat to ignite the matchstick, which is usually 
treated with paraffin wax. To ignite a safety match, it 
must be struck (rubbed) against a special striking sur- 
face consisting of an abrasive (such as fine sand or 
powdered glass), antimony(II]) sulfide and red phos- 
phorus. 


Striker 
— 


Safety Match = 


Tip Composition 


Typical early formulations for match-head (1) and 
striker (2) compositions are presented below (Crass, 
1941). 


Formulation — | Parts by Weight 
Ingredient | 


a) A brown pigment made by heating the dark brown clay 
known as umber. 


Safety matches constructed with paper matchsticks are 
made into paper books and described as book matches. 
Wooden-stick safety matches, as shown below, are 
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supplied in matchboxes and are often described, in 
the US, as kitchen matches or in some cases, as 
strike-on-box matches. 


r . : wane 
H = STRIKE ON BOX MATCHES 


250 
STRIKE“ 


MATCHES 


LARGE KITCHEN MATCHES 


Historical: Safety matches were invented by a Swe- 
dish professor, Gustav Pasch (1788-1862). They were 
first manufactured in the late 1840s by J. S. Bagge & 
Company’s Kemiska Fabrik of Stockholm, which 
was established in 1836 as the first match factory in 
Sweden. At first, the new matches were not commer- 
cially successful. The purity (and therefore the stability 
in storage) of the red phosphorus available in those 
days was quite variable, and the material was ex- 
tremely expensive. It took another nine years before 
safety matches were reasonably perfected. 


A Swedish match manufacturer, Johan Lundstr6m 
(1815-1888), developed an improved version of the 
safety match in 1852 (patented in 1855) and began its 
mass production. Lundstrém sold the British patent 
rights to two British merchants (Bryant and May), 
who set up a modern factory in London and began 
production in 1861. 


Safety matches were available alongside the more 
popular Lucifer matches, which contained white phos- 
phorus and would take fire when struck against al- 
most any rough surface. When white phosphorus 
matches ceased to be manufactured, they were re- 
placed with strike-anywhere (SAW) matches. In some 
countries, SAW matches remain popular alternatives to 
safety matches. Although in other countries, SAW 
matches have been prohibited, leaving the safety match 
as the only friction match available. 


In recent years, efforts were made to eliminate certain 
materials from the heads of safety matches, in re- 
sponse to increased concern over health, safety and 
environmental impact. These efforts led to the devel- 
opment of new match-head compositions in which 
sulfur is replaced by ferrophosphorus or small quanti- 
ties of red phosphorus to prevent the formation of sul- 
fur dioxide when the composition burns. Efforts to 
produce environmentally friendly safety matches led 
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to the removal of dichromates, previously added as a 
catalyst to promote smooth ignition and suppress ex- 
plosive burning of the old sulfur-based compositions. 


Examples of modern safety match-head formulations 
are presented below. They are taken from US Patent 
5,476,557 issued in 1995 to Michael Cox and as- 
signed to Bryant & May, Ltd. Formulation 3 is for a 
ferrophosphorus safety match and formulation 4 is a 
red phosphorus safety match. 


Formulation —| Parts by Weight 
Ingredient | (3) | (4 


a) Weight percentages are rounded to the nearest 1% or 
1 significant figure for percentages less than 1%. 
Weight percentages are for the dry weight. 


b) Usually potassium feldspar, potassium alumino-silicate 
[KAISizOg]. 


c) The 2-propanamine salt of dodecyl benzene sulfonic 
acid, added as a foaming agent. 


d) Used as an aqueous slurry. 


The use of red phosphorus in a safety match head is 
noteworthy. It must be present in the range of 0.5- 
2.0% dry weight. If too little is used, the match will 
not strike; if too much is used, the match is no longer 
a safety match, as it can be struck anywhere. 


MATCH, SILVER and MATCH, SILVER RAIN — See 
match, firework. 


MATCH, SLOW -— See slow match. 


MATCH, SMOKE — A type of friction match with an 
enlarged match head composed of a pyrotechnic 
composition that generates smoke when burning as 
shown below; it is usually tipped with safety match- 
head composition. These matches are commonly used 
for testing exhaust fans and ventilation systems. 
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MATCH, SNOW -— See match, firework (silver match) 


MATCH, SPARKLER; MATCH, STAR and MATCH, 
STAR-RAIN — See match, firework. 


MATCHSTICK -— (Also match stick) — A stick or splint 
of wood, thick paper or fiberboard prepared for use 
as the body of a friction match. Matchsticks are often 
treated with paraffin wax to facilitate their ignition 
from the burning match head and impregnated with 
ammonium phosphate to prevent the charred stick 
from continuing to glow (1.e., smolder) after the flame 
has been extinguished. 


MATCH, STORM — (Also camping match or outdoor 
match) — A type of windproof match with a match 
head designed to be resistant to being extinguished 
by wind and rain, as shown below. 


MATCH, STRIKE-ANYWHERE — (Abbreviated SAW 
match) — A type of friction match designed to ignite 
when struck (1.e., scraped) against almost any abra- 
sive surface. This definition encompasses any friction 
match apart from the safety match. Typically, a mod- 
ern strike-anywhere match includes phosphorus ses- 
quisulfide [P4S3] as the principal fuel and potassium 
chlorate as the oxidizer. The first sesquisulfide match 
was patented (US Patent 614,350) in 1898 by two 
French chemists, Henri Sévéne (1851-1917) and 
Emile David Cahen (1862-19??), as presented below. 


There are two types of strike-anywhere matches: those 
in which the entire match head is made of a strike- 
anywhere composition (such as discussed above), and 
double-dip matches in which the matchstick is tipped 
with two different compositions, as illustrated further 
below in cross section. 
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Ingredient Parts by Weight 


a) Phosphorus sesquisulfide [P4S3] {CAS 1314- 
85-8}. 
b) The patent states ‘peroxid of iron’. 


Base Match 
Composition | 


Wooden Stick Ignition 


Composition 


Strike-anywhere matches of the first type were once 
extremely popular, but they have fallen from use in 
many parts of the world because they are seen as an 
unacceptable fire hazard. They were often made with 
cylindrical sticks made from cotton fiber coated with 
wax. These matches were known as wax Vestas (see 
match, historical (Vesta)). Because wax Vestas did 
not require a special striking surface, they were often 
carried on the person in a small decorative case de- 
scribed as a Vesta case or a match safe. 


Strike-anywhere matches with wooden sticks are still 
popular in Britain. A modern, sulfur-free formulation 
is presented below. The formula is from US Patent 
5,476,557, awarded in 1995 to Michael Cox and as- 
signed to Bryant & May Ltd. 


Ingredient Parts by Weight ‘?) 


| 
| 
| 
| 
| 
: 
: 
: 
; 


a) Weight percentages are rounded to the nearest 1% or 1 
significant figure for percentages less than 1%. 


Usually potassium feldspar, potassium aluminosilicate 
[KAISi3Os]. 

c) Tetrabromo-fluorescein [C2oHsBr4Os] {CAS 17372-87-1}. 
d) Sodium dithionate [NazS204] {CAS 7631-94-9}. 

e) Used as an aqueous slurry. 


b 


~~ 
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The second type of strike-anywhere matches are some- 
times known as double-dip matches or bird’s eye 
matches because of their appearance when viewed 
end-on. The matchstick, usually consisting of a thin, 
rectangular, wooden stick treated with paraffin wax, 
is tipped with two different compositions in con- 
trasting colors. At the tip of the match head is a small 
dab of strike-anywhere composition, which sits upon 
a somewhat larger amount of safety match composi- 
tion. The SAW tip serves to ignite the remainder of 
the match head, which in turn ignites the wooden 
stick. These matches present somewhat less of a fire 
hazard than those in which the entire match head is 
susceptible to ignition by friction. 


This type of match was patented by an American in- 
ventor Frederick Farnham in 1886 (US Patent 
335,065) and the SAW tip included white phospho- 
rus. Formulation 1 (presented below) is for the match 
head and formulation 2 is for the match tip. 


Formulation —| Parts by Weight 
Ingredient | 


a) Ayyellow inorganic pigment composed of hydrated 
iron(IIl) oxide. As an alternative, ‘brick dust’ was used. 


b) The amount was ‘sufficient to give adhesiveness’. 


In 1911 William Fairburn (1876-1947), an executive at 
the Diamond Match Company of New York, replaced 
Farnham’s phosphorus tip composition with Sévéne 
and Cahen’s formula (presented earlier). Thus, they 
created the modern double-dip SAW match, as shown 
below. In the US, these matches were often described 
as kitchen matches and were commonly sold in boxes 
containing several hundred. As gas stoves began to 
be provided with pilot lights, the kitchen match be- 
came somewhat of a rarity. 


250 | 

STRIKE 
ANYWHERE 

| | MATCHES 


diamond 


LARGE KITCHEN MATCHES 
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MATCH STRIKER (contain- 
er) — A container, often 
decorative, for holding 
strike-anywhere matches 
and having a surface on 
which the match may con- 
veniently be struck, as 
shown at the right. 


MATCH STRIKER (surface) 

— A surface that has been coated with a composition 
suitable for striking safety matches. An example of a 
striker composition is presented below (Shidlovskiy, 
1964). 


Ingredient Parts by Weight 


a) Most likely iron(III) oxide. 


The manganese dioxide and iron ocher are burn rate 
catalysts, acting to lower the decomposition tempera- 
ture of the potassium chlorate in the safety match 
composition on the match head. The red phosphorus 
is a fuel that is especially reactive in the presence of 
potassium chlorate. The ground glass is present as an 
abrasive to increase friction, and gum Arabic is a 
binder to secure the striker composition to the surface 
on which it is coated. When the safety match head is 
rubbed against the striker, the potassium chlorate in 
the match head forms an extremely sensitive pyro- 
technic mixture with the striker composition at the 
points of contact. Localized combustion of this mix- 
ture generates enough heat to ignite the remainder of 
the match-head composition. (See also brassard.) 


MATCH STRIKER, PAPER — See magic device. 


MATCH, SULFUR — (Also sulphur match) — Historically, 
this was simply a strip of wood or cardboard, one or 
both ends of which had been dipped a short distance 
into molten sulfur (as shown below), but without a 
pyrotechnic match composition. It was used to obtain 
a flame from an existing source and carried to other 
material to be ignited. 
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Photo credit: Alan Downer 


More recently, a sulfur match is a friction match hav- 
ing a matchstick that has been dipped in molten sulfur 
before the match head composition is applied (shown 
below). The use of a small amount of sulfur provides 
efficient transfer of fire from the burning match head 
to the matchstick (see match, historical); a larger 
amount, extending down the matchstick, provides a 
relatively long-burning, but highly malodorous, flame. 


Photo credit: Alan Downer 


MATCH, TEAR-OFF — A type of friction match sup- 


plied attached to an array of similar matches, from 
which it is torn when required for use. The most 
common form is the book match; other examples are 
the block match and the comb match. 


book match — One type of tear-off match. A safety 
match, usually having a cardboard matchstick, at- 
tached to a row of similar matches and supplied in a 
paper matchbook. 


block match — An obsolete form of a friction match 
made from a rectangular block of wood split or sawn 
into an array of matchsticks, the cuts being left in- 
complete so that the sticks formed a block from 
which matches could be broken off as required. Effi- 
cient manufacture of these matches was hindered by 
the difficulties associated with dipping the arrays of 
sticks to form the match heads, and they never came 
into general use. 


cluster match — (Also match cluster or match buds) — 
Tear-off matches, similar or identical to book matches, 
but arranged in a clump or cluster and in a decorative 
holder provided with a suitable striking surface. Vari- 
ous designs for these matches and their holders were 
patented from 1934 to 1943 by American designers 
Morris A. Bell, Lurelle Guild and Harry Cohen. Fig- 
ures from Bell’s 1934 patent are shown at the right be- 
low. 
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Cluster matches gradually 
became obsolete. An ex- 
ample, produced in Aus- 
tralia in the latel1960s or 
early 1970s, is shown be- 
low. Its colorful blow- 
molded plastic cover is 
shown in place on the left 
and the match cluster ex- 
posed on the right. The 
striking surface is under- 
neath the disk-shaped 
white plastic base. 


Morris APeLL 


Illustration Credit: 
US Patent 93,757 (1934) 


Ld 


comb match — A largely obsolete form of a friction 
match made from a thin strip of wood cut into an ar- 
ray of matchsticks, the cuts being left incomplete so 
that the sticks formed a comb-like array from which 
matches could be broken off as required. Such 
matches have occasionally been used in matchbooks 
instead of the more common paper matches 


disk match— (Also match disk or match plate) — 
Tear-off matches, in the shape of a disk (as shown 
below), intended for use in a decorative dispenser. 
These matches, machinery for making them, and 
suitable dispensers were patented, (beginning in 1927) 
by German engineer and inventor Felix Kappler, who 
then sold the exclusive rights to the patents to British 
Booklet Matches (1928) Ltd of Willesden, London. 
Disk matches were manufactured for only a few years, 
disappearing from the market not long after 1932. 
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Photo credit: Alan Downer 


MATCH, TRICK — A match deliberately made to per- 
form in an unexpected or annoying manner. There are 
two common types. One type has an inert match head 
that cannot be ignited, regardless of how hard one tries. 
The other type ignites to produce an unexpected event, 
such as a tiny explosion with a sharp crack sound, a 
spray of sparks or a sudden flare of smoky flame. 


An example of the ‘tiny 
explosion’ trick matches 
(manufactured in Germany 
and sold in the UK some- 
time after 1971) is shown 
to the right. Inside the pack 
is what appears to be an 
ordinary matchbook, but 
there is no wording on the 
booklet, just a decorative 
pattern. The matches are 
made of thin wood, rather 
than the more common 
cardboard, and the sticks 
are dyed orange red. The 
match heads are grey- 
white. The wood immedi- 
ately below each match head appears to be coated 
with a transparent red varnish for a distance of about 
3 mm (‘% inch). This coating presumably contains the 
material that produces the explosion when the match 
is struck. 


EXPLODING MATCHES 


Match explodes as soon as it is 
struck! 


Trick matches are sometimes made so that only the 
first row of matches in a book of matches has the 
trick composition. This allows a trickster to use a 
match from the book in the usual way, but when the 
trickster’s target attempts to strike one, a startling re- 
action occurs. 


MATCH TYPE (fuse-like) — For the most part, these in- 


clude slow match (also a similar material, fuse rope), 
black match and quick match. Confusion may result 
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because the usage of these terms has changed over the 
years. The changes are outlined in the table below. 


Name Currently | Historical Name 


feveee 


seeeeereens 


a) Thecurrent product described as fuse rope is only simi- 
lar to the historical slow match in its burn rate but not in 
its manner of preparation or use. 


MATCH, VESUVIAN — A now obsolete type of fusee 
match introduced in 1849 by English match manufac- 
turer Jarvis Palmer (1792-1870) for lighting cigars, 
shown below. 


| ay The Queen's Gg serrens PATENT 
j af): , (eo 
[cs a 


Photo Credit: Alan Downer 


These matches had round matchsticks witha very large 
match head of slow-burning combustible material, 
tipped with a composition readily ignitable by friction. 
A composition for the slow-burning match heads is 
presented below. The matchsticks were dipped two or 
three times in this slurry and then thoroughly dried. 


Paris by Weight 


a) The scented bark of the Cascarilla plant (Croton 
eluteria), a small tree or large shrub, native to the Car- 
ibbean was used to impart a pleasant smell to the 
smoke of Vesuvians. 

Venetian red, a dark, scarlet red pigment consisting of 
specially prepared iron(Ill) oxide. 


b 


= 


Some Vesuvians, as shown below, had a head at each 
end of the matchstick. Some contemporary descrip- 
tions indicate that the match was to be broken in half 
and the stick of one half stuck into the end of a cigar to 
make the cigar ignitable by being struck like a match. 
Other descriptions that indicate that the glowing match 
head was to be held against the tip of a cigar to ignite 
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it before the smoker first placed the cigar in his mouth. 
Certainly, the presence of match wood and pyrotech- 
nic composition in a cigar would not seem likely to 
enhance the flavor of the tobacco smoke. 


Photo Credit: Alan Downer 


Some Vesuvian matches had matchsticks made of non- 
flammable material such as porcelain or glass. Pre- 
sumably this was a safety measure to ensure that there 
was nothing left burning once the combustion of the 
match head had ceased burning. Those with glass stems 
often had the word ‘crystal’ as part of the name. In 
the example shown below, the matchsticks were made 
of white or black glass tubing. 


Photo Credit: Alan Downer 


MATCH, WATERPROOF — (Also camping match or out- 


door match) — A type of friction match that remains 
functional after exposure to, or immersion in, water. 
A US Patent (1,127,410 in 1915) was granted to F. V. 
Cruser and assigned to the Diamond Match Company 
of Chicago for a method of making matches water re- 
sistant by exposing the match head to formaldehyde. 
This reacted with the animal glue binder to form a 
homogenous, insoluble film over the match head. 
Match heads have also been made water resistant by 
coating them with lacquer or varnish, by using a water- 
resistant binder such as phenol-formaldehyde resin or 
by a combination of these approaches. 


In 1932 American inventor J. B. Arpin was granted a 
US patent (1,961,920) for an improvement in water- 
proof matches that consisted of coating the match- 
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stick with a combustible waterproof material to prevent 
moisture reaching the match head by way of the stick. 


Match-striker surfaces have been made waterproof by 
incorporating water-resistant binders in the composi- 
tion. 


MATCH, WINDPROOF — A type of friction match that 
has an enlarged match head covering about one third 
to one-half the stick length and made of a composi- 
tion designed to burn successfully in windy conditions. 


> a= 


WIN DPROOF 
FLAMERS 


The matches are usually treated so they also with- 
stand immersion in water, and they are often de- 
scribed as wind and waterproof matches. An example 
is shown below. 


Such matches may also be marked as lifeboat matches 
or storm matches. 


MATERIAL SAFETY DATA SHEET — (Abbreviated 
MSDS or MSD sheet) — Contains information designed 
to provide both workers and emergency personnel with 
the proper procedures for handling or working with a 
particular substance. MSDSs include information seg- 
regated into sections. While manufacturers are cur- 
rently allowed to organize the sheets in any format 
they wish, usually the first section contains the name 
of the substance or product, emergency telephone 
number, name and address of manufacturer or im- 
porter and the date that the MSDS was prepared. 


Section 2 contains hazardous ingredient data, such as 
the chemical name(s), common names (synonyms, 
chemical class and CAS number), chemicals con- 
tained in products that are mixtures, US OSHA per- 
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missible exposure limits (PELs), ACGIH threshold 
limit values (TLVs), other limits and odor threshold. 


Section 3 contains physical and/or chemical charac- 
teristics, including physical data such as melting 
point, boiling point, flash point, density, solubility, 
specific gravity, appearance and odor. 


Section 4 contains fire and explosion hazard data such 
as flash point, flammable limits, extinguishing media, 
special firefighting procedures and unusual fire or 
explosion hazards. 


Section 5 contains reactivity data such as stability, 
conditions to avoid, incompatibilities and hazardous 
decomposition products, which should include normal 
burning products. 


Section 6 includes health hazard data such as routes of 
entry, health hazards (both acute and chronic), toxicity, 
carcinogenicity, signs and symptoms of exposure, 
health effects, emergency and first aid procedures. 


Section 7 includes precautions for safe handling, such 
as spill/leak procedures, storage and disposal. 


Section 8 contains control measures such as protective 
equipment and work/hygiene practices. 


Product manufacturers are responsible for producing 
and updating MSD sheets and are the best source of 
MSD sheets. 


Ina few years, this format is likely to be replaced in the 
US and worldwide by a Globally Harmonized Safety 
Data Sheet (SDS) with 16 sections requiring much 
more detailed health and environmental information. 
See Globally Harmonized System of Classification and 
Labeling of Chemicals. 


The following web site has links to many sources for 
MSD sheets both free and fee-based: 
www.ilpi.com/msds/index.html#Internet 


MATERIAL SYNTHESIS, SELF-PROPAGATING, HIGH- 
TEMPERATURE — Sec selfpropagating, high- 
temperature synthesis. 

MATHEMATICAL FORMULA - See formula. 


MATRIX COMET -— See comet type (jeweled comet). 


MATRIX MORTAR RACK — See mortar rack (dense- 
pack rack). 


MATRIX SYSTEM — See mul/ti-ground system. 


MAXIMALE ARBEITSPLATZKONZENTRATION — 
(Abbreviated MAK) — See toxicology regulatory term. 
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MAXIMITE — See smokeless powder type. 


MAXIMUM CREDIBLE EVENT — (Abbreviated MCE) — 
In making a hazard evaluation, it is the hypothetical, 
but realistically possible, event with the most severe 
consequences that could occur for a given set of cir- 
cumstances or conditions. 


MAXIMUM IDEAL GAS EXHAUST VELOCITY — See 
exhaust velocity. 


MAXIMUM RECOMMENDED FIRING CURRENT and 
MAXIMUM TEST CURRENT - See firing current and 
safe current. 


MAXIMUM SPONTANEOUS IGNITION TEMPERATURE 
— See ignition temperature (hot bath method three). 


MAXIMUM THEORETICAL DENSITY — Sce density 
(theoretical maximum density). 


MAXIMUM THROW -— The longest distance that flyrock 
may be thrown in a blasting operation. 


MAXIMUM THRUST - See peak thrust. 


MAYNARD TAPE PRIMER SYSTEM — A system in- 
tended to help automate the firing of guns with small- 
arms primers. The system was invented by American 
dentist and firearms inventor Edward Maynard (1813— 
1891). In 1845 Maynard was awarded a patent (US 
4,208) for the arrangement illustrated below (from the 
patent document). 


at 


XGOOOOO 


‘Fig. 1” shows a series of little cups of some percus- 
sion-sensitive composition, labeled ‘c’, the cups hav- 
ing been formed on a narrow strip of paper. The cups 
are separated one from another by a distance ‘d’, 
enough to ensure that the firing of the composition in 
one cup does not cause the firing of the composition 
in the adjacent cup. ‘Fig. 2’ is a cross-sectional view, 
showing how the cups of composition are covered by 
a second paper strip, thus forming a series of percus- 
sion primers sealed between the two paper strips. 
Maynard specified that instead of using cups filled 
with composition, the composition may be made into 
a paste and molded into individual primers that are 
suitably attached to a paper strip. 
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‘Fig.4’ shows a coiled strip of the primers in the firing 
mechanism ofa gun. Maynard’s original primer system 
used the percussion-sensitive composition presented 
below, but he specifically stated that this formed no 
part of his invention and that any of the fulminating or 
percussion mixtures may be substituted. For exam- 
ples of such other primer compositions, see primer, 
small-arms (percussion cap). 


Ingredient Parts by Weight 


For about five years (1855-1860), Maynard’s system 
was used by the United States Army. The system was 
also used by the British Army during the Crimean 
War (1853-1856). The tape primer system was found 
to be unreliable and was soon abandoned for serious 
use. The system did find continued application in toy 
guns and similar items. These toy caps and cap guns 
became popular in the United States after the Ameri- 
can Civil War (1861-1865) and soon spread to Eu- 
rope and elsewhere; they remain popular even today. 


MBAR — Abbreviation for milllibar, which equals 
1/1,000 or 10° bar. 


MBAR — Abbreviation for megabar, which equals 
1,000,000 or 10° bars. 


MCE -— Abbreviation for maximum credible event. 


MDF - Abbreviation for mild detonating fuze. See 
miniature-detonating cord. 


MEAL — See Black Powder grade (meal powder). 
MEAL CAKE — See Black Powder manufacturing. 


MEAL POWDER and MEALED POWDER — See Black 
Powder grade (meal powder). 
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MEAN (statistic) — See statistic. 
MECHANICAL BUILDING — See building type. 


MECHANICAL EQUIVALENT OF HEAT - See Joule’s 
constant. 


MECHANICAL EXPLOSION -— See explosion type, basic 
(mechanical). 


MECHANICAL FOG MACHINE - See fog machine. 
MECHANICAL PRESS - See press. 
MECHANICAL SPARK — See spark. 


MEDIAN (statistic) — The single datum (i.e., value) in a 
set of data that is halfway between the highest and 
lowest values when those values are ranked in as- 
cending or descending order. For a truly normal dis- 
tribution, the median will be the same as the mean 
(i.e., average). 


MEDIAN LETHAL CONCENTRATION or MEDIAN LE- 
THAL DOSE -— See toxicology regulatory term. 


MEDICAL PARAFFIN — See paraffin (mineral oil). 
MEDIUM -— (Also vehicle) — A liquid or semi-solid in 
which particles or droplets of a material are dispersed 


or suspended. 


MEDIUM-POWER ROCKET -— See high-power rocket 
(high power rocket lite). 


MEGA — (Symbol: M) — A unit prefix meaning one mil- 
lion (1,000,000 or 10°). Mega is also used informally 


to mean especially large in size or number. 


MEGABAR -— (Abbreviated Mbar) — Equals 1,000,000 
or 10° bars. 


MEK - Abbreviation for methyl ethyl ketone. See 2- 
butanone. 


MEKP - Abbreviation for methyl ethyl ketone perox- 
ide. See 2-butanone peroxide. 


MELACONITE — See copper(II) oxide. 


MELINITE — See 2,4,6-trinitro-phenol. 
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MELTING POINT — (Also temperature of fusion) — The 


temperature at which a substance transforms from a 
solid phase to a liquid phase. 


MELT LOADING — (Also melt pour) — The process of 


loading a pyrotechnic or explosive into a device by 
melting the pyrotechnic composition or explosive, 
pouring it into its casing and allowing it to solidify. 


In the early days of amateur rocketry, a propellant 
composed of zinc and sulfur was heated to melt the 
sulfur and then the mixture was poured into a casing 
and allowed to solidify into the propellant grain. This 
is definitely not a recommended practice for zinc- 
sulfur propellants due to the great danger of ignition 
during heating and loading. 


MERCUROUS CHLORIDE — See mercury(I) chloride. 


MERCURY(I) CHLORIDE — [HgoCl>]— {CAS 10112-91- 


1} — (Also calomel, mercury monochloride, mercury 
protochloride, mercury subchloride or mercurous chlo- 
ride; the rare mineral calomel) 


Mercury(I) chloride was extensively used in the past 
as a chlorine donor for colored-flame production (see 
colored-flame chemistry). It was produced syntheti- 
cally by first dissolving mercury in nitric or sulfuric 
acid; then heating that solution with excess mercury 
to form a solution containing mercury(I) ions; and fi- 
nally, precipitating mercury(I) chloride by adding a 
solution of a soluble chloride. Mercury(I) chloride is 
colorless as crystals and white as a powder. 


Characteristic (a) 


(s) = sublimes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.025 mg/m’; absorbs 
through the skin; IARC-3: unclassifiable as to car- 
cinogenicity. 


UN hazard classification: PSN: mercury compound, 
solid, n.o.s. (mercurous chloride); HC: 6.1 — poison 
inhalation hazard (UN2025). 


Historical: In a pamphlet on colored fires published in 
1836, the French pyrotechnist Francois-Marie Chertier 
(unknown—1855) wrote “I have observed that calo- 
mel, which produces nothing on its own, is of an ex- 
cellent effect when it is combined with other sub- 
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stances. It is not used as a fuel because instead of 
promoting combustion it slows it down, but neverthe- 
less it gives brilliance to certain colors and increases 
their intensity”. 


Chertier also gave many specific color compositions 
(crimson, red, green, violet and purple-red) that con- 
tained mercury(I) chloride. It continued to be used 
throughout the 19" century, and well into the 20" 
century, when its ever-increasing costliness made it 
impractical. Some more recent examples of the use of 
mercury(I) chloride as a chlorine donor in colored- 
flame compositions (Kentish, 1905) are presented be- 
low. Formulations 1 to 4 produce red, green, blue and 
purple flames, respectively. 


Formulation —| Parts by Weight 
Ingredient | (1) | (2) | (3) | (4) 


ntium nitrate 


ntiun 


By current standards, the use of mercury(I) chloride 
in pyrotechnics is unacceptable because it generates 
highly toxic mercury vapor when it decomposes. 


MERCURY(II) FULMINATE — [Hg(CNO)2]— {CAS 628- 
86-4} — (Also fulminate of mercury or Howard’s mer- 


cury) 


Mercury(II) fulminate is ofhistorical interest for its use 
in early small-arms primers and detonators. It is an 
inorganic, primary high explosive, made by the reac- 
tion of mercury, nitric acid and ethanol. It is a white 
powder when pure and freshly prepared; after expo- 
sure to light, it may be gray or light gray with a yel- 


lowish tint. 


Mercury(II) fulminate has the same empirical formula 
as mercury(II) cyanate, but the structure and properties 
of the two compounds are very different. 


Structural 
formula: 
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Characteristic (a) 


(e) = explodes. 
a) Code for reference source, see preface. 
b) Ata density of 3 g/cm®. 


Health information: TLV-TWA: 0.01 mg/m’; absorbs 
through the skin. 


Historical: Mercury(II) fulminate was first described in 
detail by the English chemist Edward Charles Howard 
in 1800. The violently explosive nature of this com- 
pound would seem to make it completely unsuitable 
for use in fireworks, except perhaps as an alternative to 
silver(I) fulminate in items such as the snap in Christ- 
mas crackers and in silver torpedoes. An article on 
fireworks in a French encyclopedia of 1838 described 
mercury(II) fulminate as Howard’s Mercury and stated 
that it was, at that time, frequently used in fireworks 
as a component in the Fulminating Composition of 
Howard’s Mercury, which is presented below. 


Ingredient Parts by Weight 


An example of how this composition was used is 
provided by a sparkling Bengal fire, in which one 
part of Fulminating Composition of Howard’s Mer- 
cury is mixed with four parts of a mixture of antimony, 
potassium nitrate and sulfur in the ratio 1:5:2. 


The use of mercury(I) fulminate in fireworks evi- 
dently did not persist (for obvious reasons), but for 
many years it was used in small-arms primers and in 
detonators. It was commonly used in combination 
with substances, including potassium chlorate, to pro- 
vide a more prolonged initiation stimulus than mercu- 
ry(IJ) fulminate alone. In reinforced detonators, mer- 
cury(IJ) fulminate was made more effective by a base 
charge of a fairly sensitive and powerful high explo- 
sive, such as Tetryl. 


MERCURY MONOCHLORIDE — See mercury(I) chlo- 


ride. 
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MERCURY PRIMER — A small-arms primer charged 
with an explosive mixture that contains mercury com- 
pounds, usually mercury(II) fulminate. Such a primer 
has the disadvantage that mercury vapor released 
when the primer fires reacts with the brass cartridge 
case, which makes the cartridge brittle and unsuitable 
for reloading. 


MERCURY PROTOCHLORIDE and MERCURY SUB- 
CHLORIDE — See mercury(I) chloride. 


MERCURY(II) SULFIDE — [HgS] — {CAS 1344-48-5} — 
(Also cinnabar, China red, vermillion; the minerals 
cinnabarite, metacinnabarite, Ethiops mineral or Ae- 
thiops mineral) 


Mercury(II) sulfide is of historic interest as a minor 
pyrotechnic fuel and burn rate catalyst. It is dimor- 
phic, occurring in both brilliant red and black forms. 
Red mercury(I) sulfide was a component in the 
Chancel match, the first somewhat practical pyro- 
technic fire-starting device (see match, historical). 
Apparently, one purpose was to color the match tip 
red. Black mercury(I) sulfide was an ingredient in 
some 19'"-century colored fires. By current standards, 
the use of mercury(II) sulfide in pyrotechnics is un- 
acceptable because it generates highly toxic mercury 
vapor when it decomposes. 


Characteristic (a) 


a) Code for reference source, see preface. 
b) Phase transitions to a black form above 344 °C. 


Health Information: TLV-TWA: 0.025 mg/m’; [ARC- 
3: unclassifiable as to carcinogenicity. 


UN hazard classification: PSN: mercury compounds, 
solid, n.o.s.; HC: 6.1 — poison inhalation hazard 
(UN2025). 


MERCURY(II) THIOCYANATE — [Hg(SCN)2] — {CAS 
592-85-8} 


Mercury(II) thiocyanate was once commonly used in 
some firework snake (i.e., Pharaoh’s serpent) compo- 
sitions, but it is no longer used because of its toxicity 
and the toxicity of its combustion products. It is a 
white powder that is produced as a white precipitate 
by the reaction of mercury(II) nitrate with ammonium 
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thiocyanate or potassium thiocyanate in aqueous so- 
lution. It turns gray on exposure to light. 


Characteristic 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TWA: 0.025 mg/m’ (as Hg). 


UN hazard classification: PSN: mercury thiocyanate; 
HC: 6.1 — poisonous material (UN1646). 


Chemical properties: The formation of mercury(II) 
thiocyanate is moderately endothermic, and it decom- 
poses when heated to 165 °C. In the absence of air, 
the decomposition can be summarized by the reaction 


2 Hg(SCN) xs) > 2 HgSs) + CSxe) + C3Na(s) 


The product carbonic nitride, (tricarbon tetranitride 
[C3Na]) is a highly polymerized material of uncertain 
structure. When it is formed in this reaction, the sim- 
ultaneously generated carbon disulfide [CS2] gas 
converts it into expanded foam — indeed, this is perhaps 
the earliest known example of an intumescent material, 
in which a substance is converted into expanded foam 
by the gas released upon heating. 


The polymeric substance produced by the decompo- 
sition of mercury(II) thiocyanate has been identified 
variously as the compound melon [(HC2N3),], (some- 
times spelled mellon) and as paracyanogen [(CN)n], 
but more recent work concludes that it is predomi- 
nantly C3N,4. That the hydrogen-containing com- 
pound melon should be predicted as a decomposition 
product of mercury(I) thiocyanate is puzzling, but 
even the most recent investigators have reported the 
presence of a small percentage of hydrogen in the de- 
composition products of mercury(II) thiocyanate. The 
explanation presumably lies in the contamination of 
the mercury(I) thiocyanate with partially hydrolyzed 
material containing chemically bound water. 


When mercury(II) thiocyanate is ignited in the pres- 
ence of air, the carbon disulfide initially produced 
burns witha weak blue flame, forming carbon dioxide 
and sulfur dioxide. The mercury(II) sulfide is also 
partially burned to mercury vapor and sulfur dioxide. 
As aresult, the polymeric foam may be lighter colored 
on the outside, where it was exposed to the air, and 
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darker on the inside where the mercury(II) sulfide was 
partially protected from oxidation. 


In fireworks: One can readily see, from the burning of a 
small amount of mercury(I) thiocyanate, why it found 
use in snake compositions. A 1-gram sample is shown 
below (upper left). Immediately below that is the re- 
sult shortly after dropping a match on the mercury(ID) 
thiocyanate, and the final result is at the right. 


= 3 2 i 


These photographs show the production of the ex- 
panded polymer foam, but they do not convey a good 
impression of how the material performed when it 
was used as a firework. When pressed into a cone 
made of metal foil or into a pellet, and then ignited, it 
produces a single, elongated, coiling structure that re- 
sembled a small snake or worm, often 15 times the 
length of the original pellet. 


Historical: The formation of worm-like expanded struc- 
tures by decomposing mercury(I) thiocyanate was rec- 
orded in 1821 by the German chemist Friedrich Woh- 
ler (1800-1882). Later, it was found that mercury(II) 
thiocyanate (discovered in 1821 by the Swedish chem- 
ist Jons Jacob Berzelius (1779-1848)) produced an 
even better effect. 


In July 1865 the French entrepreneur Frédéric Barnett 
and French chemist Francois-Charles-Albert Roussille 
were jointly awarded a patent for ‘the instantaneous 
production of artificial serpents’. Later that year, a 
corresponding British Patent (2,293) was awarded to 
a patent agent on behalf of the two French inventors 
for: “A New Firework, producing Instantaneously the 
Forms of Serpents and other Forms of a Like Nature’. 


Reports of the novelty soon appeared in the French, 
British and American press. Some reports were highly 
enthusiastic, while others warned of the poisonous 
nature of the principle ingredient and its decomposition 
products. The text of an advertisement dating to late- 
1865 is presented below. 
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“PHARAOHB’S SERPENTS.” 
Post free, 13 stamps. 
STEREOSCOPIC COMPANY. 
54, Cheapside. and 110, Regent Street. 


“Will astonish the groups round many a winter fireside.”— Standard 
“They are truly marvelous, and seem to be inexhaustible.”- Times. 


Surprisingly, Pharaoh’s Serpents, based on mercu- 
ry(IJ) thiocyanate, continued to be available in many 
jurisdictions as late as the 1950s. Other approaches to 
making pyrotechnic snakes are described in that entry. 


MERRY-GO-ROUND (fireworks) — See saxon. 


MESA BURNING (propellant) — See propellant burning, 
catalyzed. 


MESH — See sieve (noun). 


MESH FRACTION — (Also screen fraction) — The frac- 
tion or percentage of particles that pass through or are 
retained on a given mesh sieve. For a powder sample, 
the range of particle sizes can be indicated by stating 
a series of mass fractions for various sieve sizes. For 
example, some white comets, 
with a tendency to explode 
violently (instead of perform- |Range® _ by Weight 
ing at their expected rate of a 
burning), were found to have 
a large percentage of metal 
powder (magnalium) consist- 
ing of unexpectedly small 
particles, as presented at the 
right (to the nearest 5%). 


a) In US Standard 
sieve sizes. 


In stating mesh size, + is taken to mean that the particles 
fail to pass (i.e., the particles are larger than) the spec- 
ified mesh sieve. Similarly, — is taken to mean that the 
particles all pass (i.e., the particles are smaller than) 
the specified mesh sieve. 


MESH NUMBER -— See sieve (noun). 


MESONIZED PROPELLANT — A propellant that exhibits 
mesa burning. See propellant burning, catalyzed. 


META — A prefix with two different common definitions. 


As the prefix in meta-stable, meta- can be taken to 
mean quasi- (or sort-of). Pyrotechnic materials are 
often described as being metastable, because in the 
absence of a sufficiently intense ignition stimulus, 
they are stable and with proper storage, they do not 
degrade with time. Although with a sufficient ignition 
stimulus, they are unstable to the extent that they un- 
dergo vigorous self-sustained, exothermic reactions. 
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In organic chemistry: The prefix meta- describes one 
of three different positions on a benzene ring. The 
other two positions are described as ortho- and para-: 


meta-nitro 
toluene 


Benzene ring 
locations 


METAL — Metals are characterized as being lustrous, 
relatively good conductors of electricity and heat, and 
usually being malleable and ductile. Most metals 
have high densities, but some have very low densi- 
ties, anda few are light enough to float on water (with 
which they instantly react). Chemically, metals form 
cations (1.e., they lose electrons through oxidation) in 
the formation of compounds, especially with non- 
metallic elements. Metals constitute the bulk of the 
periodic table of elements; the distinction between 
metals and non-metals is not always clear-cut; anti- 
mony and arsenic, for example, are lustrous like met- 
als, but are brittle and easily powdered, and their 
chemical properties are rather similar to the non- 
metal phosphorus. Such elements, with properties in- 
termediate between metals and non-metals, are some- 
times described as metalloids. 


METALDEHYDE — [CsHi6O4] — {CAS 108-62-3} — 
(2,4,6,8-tetramethyl-1,3,5,7-tetroxocane). This is a cy- 
clic tetramer of acetaldehyde [CH3CHO]. The name is 
also applied to a low-molecular weight, linear polymer 
of acetaldehyde. This linear polymer is {CAS 9002-91- 
9}, but this number is also commonly used for the cy- 
clic tetramer (the CAS number may be quoted as 9002- 
91-9, and the chemical formula given as CgHi6Oa). 


Metaldehyde is an organic chemical, formerly used as 
a solid fuel in camp stoves and as a fuel in some ob- 
scure and obsolete pyrotechnic applications. It is a 
white crystalline powder, formerly most commonly 
encountered compressed into large white tablets for 
use as a camp stove fuel. Its main use today is as the 
active ingredient of baits for killing snails and slugs. 
Metaldehyde decomposes to acetaldehyde on heating 
and on hydrolysis. 
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Characteristic 


betasseessessersensedvensnensseneessser@eses 


Lneiiisreneinnatianaremenmaionmendainedid |almost insoluble | Foe tee 


- ‘of formation | seeseeenanaees 


1) Calculated from CsH16O.. 

2) Eckert et al., 2006. 

3) Tomlin, 2003. 

4) Calculated from the heat of combustion. 

5) Kaye, 1978. Fisher Scientific, 2015 gives 55°C. 
6) 222 mg/L at 20 °C (Tomlin, 2003). 


Hazard information: Metaldehyde is highly flammable. 
It releases toxic vapors on heating to moderate tem- 
peratures. Inhalation of vapor or ingestion of the solid 
may be fatal. Contact with the solid or its vapor may 
cause skin irritation or burns. Repeated exposure may 
cause dermatitis. Vapors may cause dizziness or suf- 
focation. On ingestion, it may cause severe abdominal 
pain, nausea, vomiting, abrupt rise in body tempera- 
ture, convulsions and coma. Metaldehyde is metabo- 
lized to acetaldehyde, which can damage the liver and 
kidneys. Acetaldehyde has been listed as a Group 1 
carcinogen by the International Agency for Research 
on Cancer; it is listed as carcinogenic and genotoxic 
but safe at the MAK levels (e.g., 50 ppm MAK-TWA). 
Acetaldehyde has been assigned a TLV of 25 ppm. 


UN_ hazard classification: UN1332; PSN: metalde- 
hyde; HC: 4.1 — flammable solid. 


Pyrotechnic uses: Metaldehyde was an ingredient in 
repeatedly-ignitable matches. It was also used as a 
fuel in experimental, military illuminating and signal 
flare compositions after World War I. Mixtures of 
80% barium chlorate, 8 to 11% metaldehyde and 4 to 
9% lactose were said to burn with deeply-saturated 
green flames. The peculiar property of metaldehyde 
of subliming on gentle heating to produce white, 
snow-like flakes was once the basis of a parlor fire- 
work effect (e.g., Fairy Confetti). Small tablets of 
compressed metaldehyde were sold as ‘snow tablets’ 
intended to be placed on a burning cigarette to simu- 
late a snowstorm in miniature. Paper tubes, 4 inch 
(20mm) in diameter and 7% inch (200 mm) in length, 
packed with 98% metaldehyde, are sold under the 
name SnowStick or SnowCandle for creating snow 
effects in motion pictures. 


METAL FUEL — See fuel. 
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METALLIC BOND — See chemical bond. 


METALLIZATION — The addition of metal powder to a 
pyrotechnic or explosive composition. 


METALLIZED EXPLOSIVE — A high explosive that has 
been modified by the addition of finely divided metal 
(often aluminum) flakes, powders or granules. 


METALLOID — (Also semi-metal) — Chemical elements 
with properties intermediate between metals and non- 
metals. Among those with applications in pyrotechnics 
are boron and silicon, both are used as fuels. 


METAL MORTAR RACK - See mortar rack. 


METAL POWDER TYPE — Metal powders, commonly 
used in pyrotechnics, can be classified by their particle 
shape (and size). Particle shape is an important con- 
sideration, because it affects the surface-area to mass 
ratio of particles, and thus the powder’s chemical re- 
activity (see burn rate, factor affecting). An example 
of this effect is presented below for a flare composition 
made with aluminum metal powder (where all three 
powders are the same mesh size). 
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Mass Burn Rate (g/s) 


Aluminum Particle Shape 


Because of surface-area to mass-ratio differences, for 
the same size particle, the order of chemical reactivity 
from least to most reactive powder is spherical atom- 
ized, spheroidal atomized, granular and flake. 


Particle shape is a direct result of the method of metal 
powder manufacturing. This subject is more fully dis- 
cussed in the entry aluminum powder manufacturing 
method. 


METAL SALT — See salt, chemical. 


METASTABLE — A situation or substance that is inher- 
ently unstable, but which nonetheless remains stable 
under some conditions. 


In chemistry (states): Metastable states include such 
things as supercooled liquids (which exist in the liquid 
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state at temperatures below the normal freezing point) 
and supersaturated solutions (which hold more solute 
than they normally would at the prevailing tempera- 
ture). In either case, any relatively minor disturbance 
will result in a change to a stable situation by having 
some of the supercooled liquid freeze and some of 
the supersaturated solute crystallize out of solution. 


In chemistry (substances): Metastable substances have 


molecular structures that are not the most thermody- 
namically stable arrangement of the atoms involved 
but that persist because there is an energetic barrier 
that prevents the re-arrangement required to reach the 
most stable structure. In this sense, they are kinetically 
stable, requiring an amount of time (perhaps eons) to 
reach thermodynamic stability. Examples among the 
elements include diamond, which is thermodynami- 
cally unstable with respect to graphite; ozone [O3], 
which is unstable with respect to diatomic oxygen 
[O2]; and white phosphorus [P4], which is unstable 
with respect to polymeric forms of the element [P,]. 


In pyrotechnics and explosives: All pyrotechnic com- 
positions and explosives are appropriately described as 


being metastable. While under normal storage condi- 
tions, they do not spontaneously ignite or initiate, un- 
der more extreme conditions both are capable of vig- 
orous or violent reactions to form more stable products. 


In spectroscopy: Some excited electronic states of at- 
oms and molecules have unusually long lifetimes, for 
example, those giving rise to phosphorescence (see 
fluorescence). These states are described as being 
metastable. 


METASTABLE COMPOUND — See metastable and 
chemical compound. 


METASTABLE EQUILIBRIUM — See equilibrium. 


METASTABLE MATERIAL — A comparatively stable 
material that becomes unstable under some conditions. 
All pyrotechnics, explosives and propellants are meta- 
stable materials. 


METASTIBNITE — [Sb2S3] — A rare natural mineral 
consisting of antimony(III) sulfide that has been 
formed geothermally from an aqueous solution. Natu- 
ral metastibnite is purplish-red to orange in color and 
is composed of the orange-red form of antimony(III) 
sulfide. In the past, the same material was produced 
synthetically in large quantities to color and vulcanize 
rubber. It may have found its way into an occasional 
pyrotechnic formulation as a substitute for the com- 
monly-used gray-black crystalline form of antimo- 
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ny(II) sulfide. The possibility of the synthetic product 
being contaminated with varying amounts of antimo- 
ny(III) oxysulfide might explain why the grey-black 
variety is normally preferred for pyrotechnics. The 
naturally-occurring mineral is rare and seems not to 
have been exploited commercially. 


METATHESIS REACTION (chemistry) — See chemical 
reaction type (double-decomposition reaction). 


METEOR (fireworks) — A large (and usually bright) 
firework star that is projected either individually from 
a mortar or as part of the display from an aerial shell, 
rocket heading, Roman candle or mine. Usually, but 
not universally, a meteor does not produce a tail. The 
term is used loosely, and in many instances, a meteor 
differs in no discernible way from a comet. Since the 
term meteor implies a bright head, it is unlikely that a 
lampblack, charcoal or glitter comet would be termed 
a meteor. The term is commonly used for consumer 
firework devices. 


METER — (Symbol: m) — (Also spelled metre in much 
of the world) — The base SI unit for length. The meter is 
defined to be the distance that light travels in a vacu- 
um in 1/299,792,458 of a second. It was originally 
conceived to be 1/10,000,000 of the earth’s quadrant 
(from the equator to the North Pole). For many years, 
it was defined as the distance between two marked 
lines on a platinum [Pt] and iridium [Ir] alloy bar kept 
in Paris, France. One meter equals 39.37 inches. 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


METER-KILOGRAM-SECOND SYSTEM — (Abbreviated 
MKS system) — A metric system based on the meter as 
its unit of length, the kilogram as its unit of mass, and 
the second as its unit of time. The MKS system and 
the long-out-of-favor centimeter-gram-second system 
(CGS system) have been replaced by the SI system. 
There is much commonality between the MKS and SI 
base units. 
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MKS units 


Dimension [Unit_ | Definition | SI_| 


METHANE — [CHa] — {CAS 74-82-8} 


Methane is used as the fuel for some flame effects. It 
is the simplest hydrocarbon, the first member of the 
alkane series and the principal component of natural 
gas. Methane is a colorless, odorless gas. 


Structural formula: 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 1000 parts per mil- 
lion. 


UN hazard classification: PSN: methane, compressed; 
HC: 2.1 — flammable gas (UN1971). 


METHANOL — [CH,O]— {CAS 67-56-1} — (Also methyl 


alcohol, carbinol, wood spirit, wood alcohol or colo- 
nial spirits) 


Methanol is the fuel used in flame effects such as 
ghost mines and the hot wok. It is also a solvent used 
with some non-aqueous binders. Methanol is the 
simplest of the alcohols. It is a clear, colorless liquid 
with a slightly alcoholic odor when pure. 


Structural formula: 
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Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 200 parts per mil- 
lion; absorbs through the skin. Methanol is poisonous, 
as it is oxidized to formaldehyde in the body. Ingesting 
methanol, or absorbing it through the skin, can cause 
blindness and death. 


UN_ hazard classification: PSN: methanol; HC: 3 — 
flammable liquid (UN1230). 


METHENAMINE — See hexamethylene-tetramine. 


METHOD OF SLOWING QUICK MATCH — Sce quick 
match, method of slowing. 


METHOD OF VOD DETERMINATION — See VOD de- 
termination, method of. 


METHOD OF VOP DETERMINATION — See VOP de- 
termination, method of. 


METHYL ALCOHOL — See alcohol. 

METHYL ALDEHYDE - See formaldehyde. 
METHYLATED SPIRITS — See denatured methanol. 
METHYL BENZENE -— See toluene. 


METHYLENE BLUE — [Ci6HigN3SCl] — {CAS 61-73-4} 
— (Also tetramethyl-thionine chloride, methylthio- 
ninium chloride or C.I. basic blue 9) 


Methylene blue is a dye used in some colored-smoke 
compositions and in a spot test for perchlorate ion. It 
is commonly available as a hydrate {CAS 7220-79-3}, 
either a dihydrate or a trihydrate, with one authority 
simply listing the hydrate as Cj6HisN3SCl-xH20. The 
hydrate is typically a very dark green crystalline 
powder, with a bronze-colored sheen; some samples 
are dark red-brown in color. It loses water on heating 
to 100 to 110 °C. Anhydrous methylene blue is a dark 
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Structural formula: 


blue or reddish-brown powder with a bronzy luster; it 
is blue in solution and as a vapor. 


Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV: none established. 
UN hazard classification: not regulated. 


Pyrotechnic uses: Methylene blue has been used as a 
dye in compositions to produce blue colored smoke, 
but it is said to be less effective for this purpose than 
synthetic indigo. Some smoke formulations contain 
both. 


In aqueous solution, methylene blue can be used in a 
spot test to identify the presence of perchlorate ion, by 
the formation of a dark blue precipitate. With proper 
calibration, this reaction can also be used as the basis 
for a gravimetric method for quantitative analysis of 
perchlorate ions. 


METHYLENE BICHLORIDE, METHYLENE CHLORIDE 
and METHYLENE DICHLORIDE — See dichloro- 
methane. 


METHYL ETHYL KETONE — See butanone. 


METHYL ETHYL KETONE PEROXIDE — See butanone 
peroxide. 


METHYL-TETRANITRO-ANILINE — [C;7HsNsO;] — 
{CAS 479-45-8} — (Also N-methyl-N,2,4,6-tetranitro- 
aniline, Nitramine™, Tetryl™, Tetralite™, 2,4,6- 
trinitro phenylmethyl-nitramine, — picrylmethyl- 
nitramine, picrylnitro-methylamine or pyronite) 


Methyl-tetranitro-alanine is used as a booster in deto- 
nating explosive trains and as a cast or pressed mili- 
tary explosive. It is a highly brisant, but not particu- 
larly powerful, secondary high explosive. Methyl- 
tetranitro-alanine is pale yellow as crystals. 


(see benzene ring) 
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Characteristic (a) 


(d/e) = Decomposes at 162 °C and explodes at 187 °C. 
a) Code for reference source, see preface. 
b) Ata density of 1.71 g/cm’. 


Health information: TLV-TWA: 1.5 mg/m*; absorbs 
through the skin. 


METHYLTHIONINIUM CHLORIDE — See methylene 
blue. 


METHYL YELLOW - See oil yellow. 

METRIC SYSTEM — A decimally organized system of 
weights and measures. The metric system has been 
supplanted by the SI system, a slightly modified 
MKS system (meter-kilogram-second system). 

METRIC TON — See ton, metric. 


MEXICAN CONSUMER SALUTE — See exploding 
ground firework, non-US. 


mg — Symbol for milligram. 


Mg —The symbol for the chemical element magnesium; 
the symbol for megagram. 


MG-TF PYROLANT — Abbreviation for magnesium- 
Teflon pyrolant. See pyrolant (magnesium-Teflon py- 
rolant). 

MI — Abbreviation for statute mile. 

MICRO — (Symbol: ») — A unit prefix meaning one- 
millionth (i.e., 1x10); also, a generic prefix mean- 
ing small as in microstar or very small as in micro- 
balloon. 


MICROAMP - One millionth (i.e., 1x10~°) of an ampere. 


MICROBALLOON -— (Also microsphere) — Very tiny 
hollow spheres of glass or plastic that are sometimes 
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added to compositions to control their density or added 
to high explosives to control their sensitiveness. 


Microballoons are also used as fillers for adhesives to 
construct a strong, yet lightweight fillet at the inter- 
face between two surfaces (e.g., between a rocket 
body and fin). 


Air or other gases blended in a high explosive will af- 
fect its density and usually its sensitivity to initiation. 
Simply introducing air bubbles into a composition is 
problematic because their size can change with time 
and temperature. Accordingly, glass and plastic mi- 
croballoons are commonly used for this purpose. 


MICRO CLIP (rocketry) — A small, spring-loaded alli- 
gator clip used to connect a launch control system to 
the igniter of an amateur rocket. The clip may have 
smooth (as shown below) or toothed jaws. 


MICRO-GRAIN — See Zn-S. 


MICROGRAVITY — See weightlessness. 


MICROMETER — (Symbol: um) — (micro-meter) — (Al- 
so micron or micro-meter) — An SI unit of length that 
equals one-millionth (i.e., 10°) of a meter. A mi- 
crometer may be described as a micron, especially in 
discussing the particle size of fine powders. 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


MICROMETER (instrument) — (mi-crom'-eter) — An in- 
strument (shown below) for making precise meas- 
urements of relatively small items. Measurements to 
approximately 0.0001 inch (0.0025 mm) can be made 
using a micrometer. 
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MICRON — See micrometer. 


MICROSECOND — (Symbol: us, psec or p-second). 
One-millionth (i.e., 1x10) of a second. 


MICROSPHERE — See microballoon. 


MICROSTAR -— The term can be used in two distinct 
ways. For some, it is a broad, general term referring 
to any type of tiny star or granule of star composition. 
For others (and the usage followed in this text), the 
term is much more specific and limited. It refers only 
to those tiny stars having special properties (1.e., those 
producing something described as a microstar effect). 
These microstars initially burn with very little or no 
light output (i.e., a dark reaction) and then burst forth 
with a brilliant flash of light (often colored) and a mild 
sizzling sound. Alternatively, microstars can produce 
an especially loud crackling sound (much like the ex- 
plosion of a small firecracker) and a radiating burst of 
sparks. 


Microstars are increasingly used in a wide range of 
fireworks. In consumer fireworks, they are often used 
in fountains, small shells and rocket headings. In dis- 
play fireworks, microstars are commonly used to pro- 
duce crackle effects with radiating displays of sparks. 


MICROSTAR EFFECT — There are two common mi- 
crostar effects. One microstar effect is essentially a 
strobe effect in which only a single flash event (or at 
most a very few) occurs before the microstar is fully 
consumed. For these microstars, although a mild 
crackling sound is produced in the process, the flash 
of light (now often colored) is the primary intended 
effect. An example of a silver (white) consumer fire- 
work microstar fountain is shown below. The vertical 
spray of sparks is orange (golden) in color, with the 
delayed microstar effect occurring primarily as the 
microstars are falling back down. 
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The other microstar effect is one producing white 
flashes with many radiating sparks, along with a loud 
crackling sound, much like the explosion of small 
firecrackers. This type of effect is described as a 
crackling microstar effect or a dragon egg effect. An 
example of this effect is shown below. 


In the first image (upper left) the microstar has been 
placed on a small tile (2x2 inches, 50x50 mm). It has 
been ignited and is glowing dimly red during the 
brief interval (1.e., its dark reaction phase) before ex- 
ploding in a large spray of sparks. The last three pho- 
tographs span a time interval of 0.05 second. 


Microstar formulations: For flashing light (i.e., strobe- 
like) microstar effects, almost any strobe formulation 
for stars will work satisfactorily. Some crackling mi- 
crostar formulations are presented below. Formulation 
1 is reasonably typical of early crackling microstars 
that contain lead, which no longer is allowed in many 
countries because of its toxicity. Formulations 2 to 5 
replaced the lead oxide with far less toxic materials 
based on bismuth. 
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Formulation > 
Ingredient | 


Parts by Weight 


a) This material is - 60 mesh. 
b) This material is 200 mesh. 


c) Usually, the binder is a modest amount of nitrocellulose 
dissolved in amyl acetate. 


1) Lancaster, 2006. 
2 to 5) Jennings-White, 1992. 


MICROSTAR FOUNTAIN — See fountain type. 


MICRO-SYNC FIREWORK DISPLAY — See choreo- 
graphed firework display. 


MICROVOLT — One-millionth (i.e., 1x10) of a voll. 


MICROWAVE - Electromagnetic radiation with a fre- 
quency range from approximately 300 MHz to 300 
GHz, which corresponds to a wavelength that ranges 
from 1 mm to 1 m (about 0.04 to 40 in.). 


Occasionally, microwave ovens have been used to 
speed the drying of pyrotechnic compositions. All too 
often this resulted in an accident (some of these acci- 
dents were fatal). 


MID-BODY RECOVERY (rocketry)— A form of recovery 
in which the ejection of the recovery device is ac- 
complished by separating a rocket near its midpoint. 
This type of system may produce a larger amount of 
drag and a safer recovery than a nose-blow recovery 
system if neither accomplishes full deployment of 
their recovery device(s). 


MIDI - (Abbreviation for Musical Instrument Digital 
Interface) — See time code. 


MID-POWER ROCKET HIGH — See high-power rocket 
(high-power rocket lite). 


MIF — Abbreviation for missing in flight. 


MIGHTY-MITE MORTAR™ — A brand of high- 
density polyethylene, blow-molded firework mortars. 
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They are manufactured in 2, 2’, 3 and 4-inch (50, 
65, 75 and 100-mm) diameters. These mortars are 
somewhat unusual in that they have a molded, rounded 
bottom closure. (See mortar plug for a photograph.) 


MIL — Abbreviation in the English system of measure- 
ment for one thousandth of an inch. 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


A mil can also be a measurement of angle that equals 
1/6400 of a full circle. 


MILD DETONATING FUZE — See miniature-detonating 
cord. 


MILE, STATUTE — (Symbol: mi) — An English unit of 
length on land that equals 5280 feet. (A nautical mile 
equals 1.15 statute miles.) 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 
b) To 3 significant figures. 


MILITARY BLACK POWDER GRADE, MODERN and 
HISTORICAL — See Black Powder grade (modem 
military grade Black Powder) and (historical military 
grade Black Powder). 


MILITARY FLARE -— See flare, military. 
MILITARY MINE — See mine, military. 


MILITARY PYROTECHNICS — Energetic materials and 
devices manufactured specifically for use by military 
services as signals, illuminants, training devices or 
similar applications. 


MILITARY SPECIFICATION — (Abbreviated Mil Spec) 
— Essentially all militaries produce detailed specifica- 
tions for the materials and items they purchase, in- 
cluding pyrotechnic items and the materials used in 
their manufacture. Some US examples include: 


e Black Powder — MIL-P-00223C 
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e Magnesium powder — MIL-DTL-382D 
e M80 Explosion Simulator — MIL-D-20505 


e Electrostatic Discharge Testing — Contained in MIL- 
STD-331C 


MILK SUGAR — See lactose monohydrate. 


MILL (noun) — A mechanical device used to reduce the 
particle size of a material. Some mill types are also 
useful for accomplishing intensive mixing of compo- 
sitions. There are several types of mills. 


ball mill — A type of mill consisting of a rotating 
vessel that contains a mass of freely-moving balls (or 
other somewhat similarly shaped items, such as short 
cylinders). The balls or similar items are referred to as 
milling media. As the vessel rotates, the impact and 
friction of the tumbling media reduce the particle size 
or intensively mix the material that has been loaded 
into the ball mill. An example of a small ball mill, 
such as might be used by a small-scale manufacturer 
of pyrotechnics, is shown below. 


Photo credit: Anthony Lealand, Firework Professionals Ltd. 


This ball mill can rotate two milling vessels (A and B) 
simultaneously. The end closure (C) of vessel B has 
been removed to view the milling balls therein. The 
unit is powered by a totally-enclosed electric motor 
(D). A better view of the milling balls in one of the 
milling vessels, which has been removed from the 
unit and stood on its end, with its end closure to the 
right, is shown below. 
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Photo credit: Anthony Lealand, Firework Professionals Ltd. 


A small rock tumbler loaded with appropriate milling 
media can be used as a small-scale ball mill. Also, an 
ordinary cement mixer can be modified to serve as 
larger-scale ball mill. 


disk mill— (Also pin mill) — A type of mill where the 
material being processed is fed between two disks, or 
somewhat conical-shaped plates, at least one of which 
rotates. The facing surfaces of the disks may be smooth 
or have cutting edges or protrusions. The standard ce- 
real-grain mill is an example of a disk mill. A pin 
mill is in this general category and has protruding 
pins set into the face of the disks. 


hammer mill — A type of mill in which the material 
being processed is fed into an area where it is repeat- 
edly impacted by hammers (i.e., whirling blades). 
The material usually exits the mill through a screen 
that retains the material until it has been sufficiently 
reduced in particle size. 


jet mill — A type of mill where the material is en- 
trained in high-velocity gas streams directed to cause 
jets of particles to collide with one another at high 
velocity. These impacts accomplish particle-size re- 
duction. 


mortar and pestle — A small, hand-operated mill 
where material is ground between a pair of surfaces. 
Mills of this general type date to prehistoric times, 
but continue to be useful, especially in laboratory ap- 
plications and for small-scale mixing. 


rod mill — A type of mill similar to a ball mill, but 
where the internal grinding/mixing members (i.e., 
milling media) are long cylinders that remain approx- 
imately aligned with the axis of rotation of the mill. 


roll mill — A type of mill where the material to be 
reduced (or mixed) is fed between at least one pair of 
rotating cylinders. These cylinders are typically ar- 
ranged in a series so that the material is successively 
fed from one pair of rollers to another, with each pair 
of rollers being set closer together. The rollers may 
rotate at the same or different speeds, in the same or 
different directions and may have surface features 
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such as protrusions. A corning mill, used in Black 
Powder manufacturing, is an example of a roll mill. 


stamp mill — A type of mill where the motion (usu- 
ally vertically) of one or more impacters repeatedly 
hit the bottom of the vessel containing the material to 
be crushed (or mixed). The result of these impacts on 
the material caught between the impacter and con- 
tainer accomplishes the particle-size reduction. Mills 
of this general type date to prehistoric times but con- 
tinue to be useful for some applications. Hand- 
operated mills of this type were used historically in 
making Black Powder both in Europe and in Asia. 
(An illustration is included in the entry Black Powder 
manufacturing.) 


wheel mill — A type of mill in which milling is ac- 
complished by the rolling motion of large wheels 
(commonly two massive wheels) around the bottom of 
the vessel (i.e., the pan) containing the material to be 
crushed (or mixed). The result of the somewhat gentle 
crushing of the material caught between the wheels and 
container accomplishes the particle-size reduction 
(and/or intimate mixing). Mills of this type have a long 
and continuing history of use in Black Powder manu- 
facturing. 


MILL (verb) — The act of processing a substance in some 
type of milling machine. 


MILLI — (Symbol: m) — A unit prefix meaning one- 
thousandth (i.e., 1/1000, 1x10° or 0.001). 


MILLIAMP — (Symbol: mA) — One thousandth (i.e., 
1x10) of an ampere. 


MILLIBAR — (Symbol: mbar) — A non-SI unit of pres- 
sure that equals one thousandth (i.e., 1x10~°) of a bar; 
it is often used in conjunction with weather reporting 
of atmospheric pressure. 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


b) The unit psia = pounds per square inch as an absolute 
pressure, not as a gauge pressure. 


MILLIGRAM — (Symbol: mg) — An SI unit of mass that 
equals one thousandth (i.e., 1x10~*) of a gram. 
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a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


MILLILITER — (Symbol: mL) — (Also cc or cm*) — A 
metric unit of fluid measure or volume that equals 
one thousandth (1107) ofa liter. 


Multiply @ To Obtain 
= | 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


MILLIMETER — (Symbol: mm) — An SI unit of length 
that equals one thousandth (1x10) of a meter. 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


MILLIMICRON — See nanometer, preferred terminology. 
In the past, millimicron was used as wavelength units 
for spectroscopic measurements. 

MILLING — The process of particle-size reduction 
(and/or intensive mixing) by mechanical means. Mill- 


ing is accomplished by any of various mill types. 


MILLISECOND — (Symbol ms or msec) — A unit of time 
that equals one thousandth (i.e., 1x 10-3) of a second. 


MILLIVOLT — (Symbol: mV) — A measure of electro- 
motive force that equals one thousandth (i.e., 1x10) 
of a volt. 


MIL SPEC — Abbreviation for military specification. 


MIN. — Abbreviation for: minimum and minute. 
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MINE (fireworks) — A device 
designed to project many ig- 
nited stars and/or other ef- 
fects (such as small shells, 
tube items or salutes) into 
the air from a mortar. An 
example of the display pro- 
duced by a color-changing 
star mine is shown at the 
right. When compared with 
an aerial shell, a mine pro- 
duces its visual effect at 
lower altitudes by projecting only relatively small, 
lightweight units into the air, producing minimal fall- 
out. For this reason, the spectator separation distance 
for mines is commonly less than that required for the 
same size aerial shell. 


Photo Credit: 
Tom Calderwood 


A propelling charge (i.e., lift charge) of granular Black 
Powder is used in mines; sometimes this powder is of 


smaller particle size than would be used for propel- 
ling an aerial shell of the same size. All else being 


equal, the appearance of the display produced by a 


mine depends on the length of the mortar that is used. 
A relatively short mortar will tend to produce a rela- 
tively short and broadly dispersed display of stars as 
illustrated below. 


Mine Star 


Mortar 


The same mine, fired from 
a relatively tall mortar, 
will produce a taller and 
more natrowly collimated 
display of stars as illus- 
trated at the right. 


An example of this tall Mine Star 
mortar effect is that pro- 
duced by acomet and stars 
mine (shown below as a 
time series of images). 
This small and simply 
constructed device is quite 
attractive, especially when fired in groups or sequenc- 
es forming patterns. 
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Photo Credit: Eldon Hershberger 


In addition to the length of the mortar, the amount of 
lift charge, and the size and burn time of the stars all 
affect the display produced. 


There are two basic styles of construction for fire- 
work mines. The first may be described as a mine shell; 
the second may be described as a mine preload. 


mine shell — (Also mine bag or bag mine) — A mine 
shell is used by loading it into a mortar and firing it 
following the same procedure as for an aerial shell. 


The construction of a typical mine shell is illustrated 
below in cross section. Its outward appearance is like 
that of an aerial shell. Although in traditionally con- 
structed cylindrical mine bags, the relatively thin- 
casing wall, as compared with an aerial shell, will 
commonly yield significantly when squeezed by hand. 


Quick Match 
Paper Wrap 
Top Disk 
Stars 
Black Match 
Lift Disk 


Lift Charge 


Two examples of mine shells are shown below. The 
smaller (cylindrical) shell is constructed much as il- 
lustrated above, but it may not include a perforated 
lift disk. In some designs, the quick match leader 
does not pass through the stars, but it passes directly 
into the lift charge in the same way as a standard aer- 
ial shell. In these instances, the stars or other effects 
are ignited solely by the burning lift charge. 
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Until relatively recently, spherical mine shells were 
not commonly available. Such a mine shell is con- 
structed in a fashion similar to a spherical aerial shell. 
It has a relatively thin layer of pasted paper. In place 
of a time fuse, it has one or more holes (i.e., fire 
holes) to the interior of the shell, and there is only a 
small break charge in the shell. Also, it is common to 
fill a large portion of the shell with inert filler, resulting 
in the magnitude of the display produced being sig- 
nificantly less than expected. The output of the two 
mine shells shown above may appear similar, despite 
the large difference in size. This type of spherical 
mine shell is illustrated below in cross section. 


SafetyCap —__._ 4 


Shell Leader 
Fuse 
(Quick Match) 


Inert 
Filler 


Firework 
Stars 


Break 
Charge 


Fire Hole 


Lift Charge 
(Black Powder) 


When this type of spherical mine shell is fired, the 
hot lift gas immediately enters the interior of the shell 
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through the fire hole(s) at the bottom to ignite the 
contents. Then, while the mine shell is still within the 
mortar or shortly after leaving the mortar, the shell 
casing weakly breaks-open to release its burning con- 
tents in a traditional upward projected mine display. 


mine preload — Two types of mines are supplied al- 
ready preloaded into their mortars. One is commonly 
a consumer firework, and one is a device (i.e., a pyro- 
technic article) used as a proximate audience pyro- 
technic special effect. 


The propelling charge in mine preloads is typically 
granular Black Powder. Important in the construction 
of these types of mines is the inclusion of a perforated 
lift disk that aids in the effective expulsion of the mine 
contents. Below are across-sectional illustration of the 
typical construction (left) and a photograph of a con- 
sumer firework mine (right). 


Integral 
Mortar 


Top Disk 
Stars 


Lift Disk 


Fuse ——~> 
Lift Charge 


Another version of a consumer firework mine, for- 
merly very common in the UK, did not have a fuse 
emerging from the side but instead was provided with 
a delay element that extended down the central axis 
of the case, terminating at the bottom of the case 
where it was surrounded by the propelling charge. 
The other end of the delay element protruded from 
the center of a cardboard disk that closed the top of 
the case. The delay element was commonly a simple 
fountain, open at its lower end so that at the end of its 
performance fire would pass to the propelling charge 
of the mine. In some larger versions, the delay ele- 
ment was a Roman candle, in which case the device 
would be called a candle mine. The end of the delay 
element at the top of the case would typically be pro- 
vided with a nosing of blue touch paper twisted to 
cover the pyrotechnic composition and provide a 
convenient means of igniting the firework. 
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The construction of a typical pyrotechnic special ef- 
fect mine is illustrated below in cross section. In ad- 
dition to more careful construction and predictable 
performance, the principal difference from a consumer 
firework is the lack of an attached base and the re- 
placement of the ignition fuse with an electric match. 


3 y Paper Cap 
i 

Y y Tube 

Y | 

| | 

| A 

Z ie Paper Plug 
g by VY) Stars 

} [ 4 Lift Disk 

l i Propelling Charge 
] 4 Clay Plug 
= Z 


<— Electric Match 


A collection of special effect mines of various sizes, 
ranging from % inch (19 mm) to 3 inches (75 mm) is 
shown below. 


‘ 


Swiore Proximity Products 
ype IIA Pink Mine 


2High Performance Mi 
BLUE GLITTER 80ft 
“Zh SB 


An example of a small mine preload (1-inch, 25 mm 
ID) firing to project silver-trailing blue stars to a 
height of approximately 15 feet (5 m) is shown below. 
(The total duration of the effect as shown is a little 
more than 0.5 second, and the photographs were taken 
with an exposure of 1/60 second.) 
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Such mines are supplied in a vast array of colors and 
effects; a few of which are shown below. These par- 
ticular mines were made using nitrocellulose-based 
stars, which produce improved colors and even less 
smoke than typical proximate audience mine preloads. 


mine front — (Also line volley) — Several individual 
mines spread in a line across the front of the main 
spectator area and fired simultaneously (shown below 
as a time exposure, which approximates the appear- 
ance as perceived by an observer). 


Page 811 


Photo Credit: Tom Calderwood 


sky mine — (Also aerial mine) — An aerial shell pro- 
ducing a display that looks like an upward projecting 
mine effect but starting at some significant distance 
up in the air. This effect is commonly produced by a 
shell designed to disperse all the stars from only one 
end of a shell. To achieve the proper effect, it is im- 
portant that the sky-mine shell be properly oriented 
when it bursts. One way to accomplish this is to at- 
tach a short drogue line to the bottom of the shell. 


candle mine — A firework mine that has a Roman 
candle as its delay element. 


mine malfunctions — A pyrotechnic mine can ex- 
hibit most of the same types of malfunctions as an 
aerial shell (see aerial shell malfunctions), including 
the especially dangerous shell detonation, also de- 
scribed as violent in-mortar explosion (VIME). One 
exception is the flowerpot malfunction, because the 
contents of a mine are designed to be ignited inside 
the mortar upon firing (i.e., it is intended to perform 
essentially as a flowerpot). While some of the con- 
tents of a mine can leave the mortar unignited, resulting 
in dud components falling to the ground, there is no 
equivalent to a dud aerial shell malfunction. Another 
exception is a muzzle break, because there is little or 
no break charge and there is no strong shell casing, 
which would be necessary to produce a powerful ex- 
plosion as the mine contents exit the mortar. 


In the past, it was common for mines to be limited in 
size to 3 or 4-inch (75 or 100-mm), and they were 
somewhat more likely to only contain Black Powder- 
based stars and/or tube inserts (such as serpents or 
whistles). Such mines are relatively safe from violent 
in-mortar explosions (VIMEs). In contrast, large- 
diameter, colored-star mines, those larger than 4 inches 
(100 mm), are more likely to experience VIMEs. It is 
thought that when too many stars are ignited in a 
strongly confined space (i.e., inside a mortar), the like- 
lihood of the stars (especially color stars) being nearly 
instantly consumed in a violent explosion is much 
greater than when dispersed in the air by a bursting 
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aerial shell. To help avoid this problem, some large- 
diameter mines are constructed with a limited number 
of stars and the addition of inert filler material. 


MINE BAG (fireworks) — See mine (fireworks) (mine 
shell). 


MINE, MAGNESIUM — See magnesium mine. 


MINE, MILITARY — A charge of explosive that is 
placed at some location and exploded later when a 
suitable target is near. 


MINE PRELOAD (fireworks) — See mine (fireworks). 
MINERAL JELLY or MINERAL OIL — See paraffin. 
MINERAL NAME - See chemical name, inorganic. 
MINERAL PITCH — See asphaltum. 

MINER’S LAMP - See carbide lamp. 

MINE SHELL (fireworks) — See mine (fireworks). 


MINIATURE DETONATING CORD — (Also miniature 
detonating fuse or mild detonating fuse) — Typically, 
a flexible metal tube, usually made of lead that con- 
tains a much smaller core of high explosive than 
normal detonating cord; usually, it has a core load of 
5 grains (300 mg) or less of explosive per foot (0.3 m). 


MINI MINE — Either a small proximate audience mine 
ora Roman candle effect in which each shot produces 
a mine effect of several small stars, rather than the 
more typical single, large star per shot. 


MINIMUM DIAMETER (rocketry) — A rocket built with 
the smallest possible body-tube diameter for the size 
of rocket motor casing being used. This is usually 
done to reduce drag in sport or competition models 
even though it may increase the difficulty of attaching 
fins and recovery systems (see boosted dart). 


MINIMUM RECOMMENDED FIRING CURRENT — See 
firing current. 


MINIMUM SPONTANEOUS IGNITION TEMPERATURE 
— See ignition temperature (hot bath method three). 


MINIUM — See Jead(IL, ILIV) oxide. 
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MIREX™ — [CjoCliz] — {CAS 2385-85-5} — (Also 
Dechlorane™, hexachloro-pentadiene dimer or per- 
chloro-pentacyclo-decane) 


Mirex (Dechlorane) is an occasionally used chlorine 
donor, containing 78% chlorine by mass, used to 
produce colored flames. It is colorless as crystals and 
white as a powder. 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV: none established; IARC- 
2B: possibly carcinogenic to humans and NTP-R listed 
carcinogen. 


UN hazard classification: PSN: toxic solids, organic, 
n.o.s. (Mirex); HC: 6.1 — poison inhalation hazard 
(UN2811). 


MISCHMETAL ~— [variable composition] — {CAS 8049- 
20-5} — (Also flint metal, Auer metal) — (From the 
German Mischmetall meaning mixed metal.) 


An alloy used specifically for spark generation, such 
as in cigarette lighters, some spark-producing magic 
devices, and laboratory and gas welding igniters. 
Samples of mischmetal are shown below; uppermost 
is arod approximately 0.25 inch (6 mm) in diameter. 


Common formulations for mischmetal include cerium 
(50-60%) and lanthanum (25-30%), with lesser 
amounts of neodymium (15-17%) and praseodymium 
(46%). These mixtures by themselves would be too 
soft to produce abundant sparks, so they are hardened 
by the addition of iron oxide, magnesium oxide and 
ferrocerium. 


Finely powdered mischmetal is far too reactive to be 
used in pyrotechnic mixtures, but mischmetal is used 
as a special effect in motion pictures and television 
performances to produce sparks, such as when a car 
is in a scraping collision with a guardrail or wall. In 
that case, a small piece of a bar of mischmetal (e.g., 
1 inch, 25 mm, in cross section) is bolted to the point 
of intended contact on the automobile. The scraping 
action will then produce a spray of bright (easily vis- 
ible) and abundant sparks. When used in this way, the 
mischmetal may be described as a sparking bar. The 
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effect of simply scraping the 1-inch (25-mm) bar of 
mischmetal on a concrete floor with modest hand 
pressure is shown below. 


Photo Credit: Tim Martin 


Another special effect uses small granular pieces of 
mischmetal in a 12-gauge shotgun shell in place of 
buckshot. The result is a long, but brief, spray of white 
fire and sparks from the muzzle of the shotgun. This 
effect has been marketed under the name of Dragon’s 
breath and Hell fire. Still another use of mischmetal 
is as a source of incendive sparks in emergency mag- 
nesium fire starters. 


MISCIBLE — The property of two liquids capable of be- 


ing uniformly mixed in all proportions. An example 
of two such liquids is water and ethanol. This pair of 
miscible liquids can be used in a process described as 
coacervation, which can be used in a field-expedient 
method to make Black Powder. Two liquids that are 
not capable of mixing, such as oil and water, are de- 
scribed as being immiscible. 


MISFIRE — A malfunction in which there is a failure in an 


attempted ignition or initiation of a charge or device, 
or in which the main charge fails to initiate as expected. 


blasting misfire — (Also blasting miss-fire) — An 
explosive charge or part of a charge that for any rea- 
son has failed to explode as planned. 


A shot that is fired by blasting safety fuse is consid- 
ered a misfire when the charge(s) fails to explode af- 
ter the blaster has withdrawn, having once ignited or 
attempted to ignite the safety fuse or igniter cord used 
for firing the shot. The recommended time interval 
before entering the area of the misfired fuse-initiated 
shot was 30 minutes but has since been increased to 
60 minutes. 


A shot that is fired electrically is considered a misfire 
after the blaster has attempted unsuccessfully to fire 
the shot and has carried out the following procedure: 
1) disconnect the firing line from the firing unit; 2) 
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wait 15 minutes and examine the firing lines and con- 
nections for any defects, and correcting any defect 
found; and 3) make a further attempt to fire the shot. 
The recommended time interval before entering the 
area of the misfired electrically initiated shot was 15 
minutes and has since been increased to 30 minutes. 


pyrotechnic misfire — (Also miss-fire) — A mal- 
function of a fuse or pyrotechnic ignition composition 
or system, wherein either the fuse fails to ignite, or the 
fuse ignites but then fails to ignite the main charge. 


In the instance of an aerial shell, a misfire contrasts 
with a dud. For a misfire, the lift charge never suc- 
cessfully ignites to cause the shell to fire from its 
mortar, whereas a dud aerial shell fires successfully 
from its mortar, but the shell does not subsequently 
explode in the air and falls to the ground. 


MISSILE — Broadly, any object fired, launched or oth- 
erwise projected with the purpose of striking a target. 
In fireworks, a device may be called a missile be- 
cause its appearance or per- 
formance is intended to call to 
mind the appearance or imag- 
ined performance of a military 
missile. Despite the name, a 
firework missile is certainly not 
intended to be projected with 
the purpose of striking a target. 


In fireworks: A missile is a fire- 
work rocket in which fins (as 
opposed to a stick) are provid- 
ed for directional stability (see 
firework rocket type, basic). 
An example of a consumer 
firework missile is shown at 
the right. 


In_rocketry: The term is a shortened version of the 
term ballistic missile or guided missile. 


MISSING IN FLIGHT — (Abbreviated MIF) — (Also 
missing in orbit) — An amateur rocket that disappears 
with no sign of recovery device deployment and no 
obvious failure mode. 


MISTURA — See Maltese firework term. 

MIX BUILDING — See building type. 

MIXED ACID — Any one of several mixtures of con- 
centrated nitric and sulfuric acids used in the nitra- 
tion of organic compounds. Examples of organic com- 


pounds and their nitrated products include cellulose, 
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glycerin and toluene used to make nitrocellulose, ni- 
troglycerin and trinitrotoluene, respectively. The con- 
centration of the acids and their ratio vary somewhat 
depending on the difficulty of the nitration being at- 
tempted. For difficult nitrations, the nitric acid may be 
anhydrous (~100% HNOs) and it may be in approxi- 
mately a 2:1 ratio with sulfuric acid. 


MIXER AGGLOMERATION — Particle size enlargement 
or granulation that is accomplished using a mixer of 
some type. The process typically involves the tum- 
bling of a dampened composition. 


In fireworks: The process of star manufacturing to pro- 
duce rolled stars is an example of mixer agglomeration. 


MIXING BUILDING — See building type. 


MIXING — EFFECT ON BURN RATE -— See burn rate, 
factor affecting. 


MIXING METHOD (fireworks) — There are many ways of 
mixing compositions. Some are simple, hand methods 
and others involve mechanical appliances. In firework 
manufacturing, three methods predominate (discussed 
below). 


Mixing must always be considered a hazardous oper- 
ation (i.e., one that is best performed remotely, such 
as with the tumble method, discussed below). For any 
method, working with a relatively small quantity of 
material is appropriate. With the diaper and sieve 
methods, itis important to use a personal safety shield 
(see safety equipment (general)) during the actual mix- 
ing. 


With each method, the general procedure is first to 
weigh and sieve, individually, the finely powdered 
components of the composition. Depending on the 
nature of the composition and ingredients, typically 
80 or 100 mesh sieves will be used, except for any 
large particle-size, spark-producing material being 
used. If there is more than one oxidizer in the formu- 
lation, the multiple oxidizers can be well mixed to- 
gether by sieving. The same can be performed for 
multiple fuels. Similarly, if there are relatively inert 
ingredients (e.g., a flow agent, flame color agent or 
neutralizer) these may also be well mixed by sieving 
with either the fuel(s) or oxidizer(s). 


diaper method — (Also diapering or diaper mixing) 
— A method often used when it is necessary to mix 
sensitive pyrotechnic compositions manually. 


Once the initial sieving of compatible, finely-ground 
components has been accomplished, they are all 
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placed on a large sheet of paper. One after another, 
the corners of the paper are repeatedly raised and 
brought toward the center in a manner that slowly 
rolls the pile of composition upon itself. This process 
is continued until the composition is uniformly mixed. 
After the fine components are well mixed, other more 
coarsely-ground ingredients (if any) may be added 
and carefully mixed by further diapering. 


The main advantage of the diaper method is that the 
powder is not exposed to any excessive friction. 
(Friction, such as might result from all the ingredients 
being sieved together, has produced ignitions.) When 
carefully done, the diaper method produces essentially 
no dust in the air such as would necessarily mandate 
the use of personal protection equipment for breathing. 
Also, with very little dust produced, there is less 
chance of contaminating the general work area and 
the body and clothing of the person doing the mixing. 


The major disadvantage of the diaper method is that 
the person doing the mixing is in the immediate prox- 
imity of the pyrotechnic composition. Thus, an acci- 
dental ignition will likely be catastrophic, unless the 
quantity involved is very small. Also, if it is neces- 
sary to mix a large quantity of composition, the diaper 
method can require considerable time. 


sieve method — (Also screen method) — A simple 
manual method often used to mix compositions of 
low sensitiveness. 


Once the initial sieving of compatible components 
has been accomplished, the materials to be mixed 
(first weighed and individually sieved) are loaded on- 
to a sieve and by mechanical agitation caused to pass 
through its screen (typically wire cloth). In this pro- 
cess, significant mixing of the individual components 
occurs. The sieving process is repeated several times 
to achieve the desired degree of mixing. Commonly, 
20 through 60 mesh sieves are most effective for 
sieve mixing. 


The advantages of the sieve method are its simplicity 
and efficiency (i.e., high throughput). One of the ma- 
jor disadvantages of the sieve method is that the per- 
son doing the mixing is in the immediate proximity 
of the pyrotechnic composition. Thus, an accidental 
ignition will likely be catastrophic, especially since 
there is likely to be a substantial quantity of material 
involved. Another major disadvantage is that the 
sieving process is likely to produce a substantial 
amount of airborne dust. As a minimum, this will re- 
quire the use of a proper, well-fitting dust mask. It is 
also highly likely that the person’s clothing and the 
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work area will soon become substantially contami- 
nated with the composition being sieved. 


tumble method — (Also tumble mixing) — A method 
suitable for mixing any reasonably free-flowing pyro- 
technic composition, and, when done remotely, is the 
least hazardous. 


Once the initial sieving of compatible components has 
been accomplished, they are loaded into a suitable 
container, and the container is loaded into a tumbler 
(i.e., rotator). It is important that there is an adequate 
amount of empty space in the container to allow the 
free movement of the contents as the container is being 
rotated. A small tumbler will typically have a rotation 
rate of approximately % to 1 revolution per second. 
Each time the container rotates with the tumbler, the 
contents pour from end to end, and some mixing oc- 
curs. After a suitable time (typically some number of 
minutes), the contents become thoroughly mixed. 


There are important advantages to the tumble method 
of mixing. Foremost is that the mixing can be done 
remotely. The equipment is relatively easy and inex- 
pensive to construct (e.g., for laboratory-scale mixing, 
an amateur rock tumbler will suffice). In the case of 
flash powder for salutes, it is often possible to use the 
salute casing itself as the mixing container. In that 
way, the mixed flash powder never needs to be han- 
dled or exposed to possible accidental ignition (i.e., 
explosion). Also, the flash powder does not need to 
be stored in bulk. In comparison to the advantages, 
there are no noteworthy disadvantages to the tumble 
method. 


As an alternative to a tumbler, a shaker (sometimes 
described as a rumbler) can be used. 


MIXTURE — See pyrotechnic composition. 
MIXTURE, CHEMICAL — See chemical mixture. 


MIXTURE RATIO (rocketry) — The ratio of the rates at 


which oxidizer and fuel are burned in a liquid propel- 
lant rocket engine. 


MIZINKO™ — See rice starch. 


MKS SYSTEM — Abbreviation for meter-kilogram- 


second system of units. 


mL — The symbol for milliliter. 


MLC and MLD — Abbreviations for median lethal 


concentration and median lethal dose. See toxicology 
regulatory term. 
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mm — The symbol for millimeter. 


O-MNT and p-MNT — Abbreviations for ortho-and para- 
mononitro-toluene, respectively. 


MOCK-UP — A model, often crude or improvised, that 
is used for training or for design evaluation. 


MODEL ROCKET, JETEX™ — See Jetex™. 


MODEL ROCKET - (Also toy rocket or Class 1 ama- 
teur rocket) — An unguided projectile that is propelled 
by a model rocket motor. A range of model rockets 
ready for launch is shown below. 


Photo credit: Mark Coffin 


The launch of a model rock- 
et, as it is about to clear its 
launch rod, is shown at the 
right. 


Inthe US, a model rocket is 
an aeromodel conforming 
to the requirements present- 
ed in “NFPA-1122, Code 
for Model Rocketry”. Some 
of the specific requirements 
are that a model rocket: 


e Has amass of not more than 
1.5 kg (53 oz.), including 
propellant. 


Photo Credit: Mark Coffin 


e Be made of materials such 
as paper or wood. 


e Has a recovery device such that it is reusable. 


Page 816 


e Is powered by a model rocket motor. 
e Is flown for educational or recreational purposes. 


e A model rocket may have multiple model rocket mo- 
tors, but the total impulse must not exceed 320 new- 
ton-seconds. 


In the US, model rockets are also defined by federal 
regulation as a Class 1 amateur rocket, the require- 
ments for which are that it: 


e Uses no more than 125 grams (4.4 0z) of propellant. 
e Uses a slow-burning propellant. 

e Is made of paper, wood or breakable plastic. 

e Contains no substantial metal parts. 


e Weighs no more than 1500 grams (53 oz), including 
the propellant. 


MODEL ROCKETEER -— The original National Associ- 
ation of Rocketry (NAR) newsletter. While it lasted, 
it was published as an insert to “Model Rocketry 
Magazine”, which made it available to non-NAR 
members. After “Model Rocketry Magazine” ceased 
publishing, “Model Rocketeer” was produced as a 
stand-alone publication and was gradually expanded 
to a magazine-style format. It became “American 
Spacemodeling” in 1984, which continued to have a 
section described as ‘The Model Rocketeer’ that con- 
tained the NAR president’s column and other asso- 
ciation news. This became the ‘President’s Corner’ in 
1992. In 1995 the newsletter became known as 
“Sport Rocketry”. 


MODEL ROCKET FLIGHT STABILITY — A model 
rocket usually relies on aerodynamic stabilization to 
achieve its stable, near-vertical trajectory (see rocket 
fight stabilization method). Typically, its stabilization 
is achieved with fins at the lower end of the rocket. 


The fins produce lift and a restoring force when the 
rocket is at an angle of attack relative to its flight 
path. This restoring force acts to realign the rocket with 
its original path. The deviant angle of attack may be 
induced by wind or other disturbing forces acting on 
the rocket. The net restoring forces produced by the 
fins (and the rocket’s airframe) act through a point 
described as the center of pressure of the rocket, 
whereas the rotation of the rocket occurs about the 
point described as its center of gravity. As a rule of 
thumb, if the center of gravity is in front of the center 
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of pressure, and the separation between the centers of 
pressure and gravity is at least one body tube diameter 
(i.e., caliber) (illustrated below), there will be ade- 
quate flight stability. 


< Caliber 


Center of 


At Least : 
One Body < Gravity 
Diameter 

: < Center of 
(Caliber) ] Pressure 


The location of the center of gravity ofa rocket (with its 
motor installed) can be found simply by locating the 
point along the body tube where the rocket balances. 
This can be found by tying a string around the body 
tube, suspending the rocket and adjusting the fore and 
aft location of the string until the point is found where 
the rocket balances in a horizontal position. 


The location of the center of pressure can be predicted 
using various calculation methods as well as by use 
of a wind tunnel. One of the first and simplest meth- 
ods available to the modeler is to use a cardboard cut- 
out of the side profile of the rocket. The cutout is bal- 
anced ona sharp edge to find the lateral center of area. 
Although crude and only an approximation of the 
worst case (with the rocket oriented sideways to its 
direction of travel), it conservatively identifies the lo- 
cation of the rocket’s center of pressure. 


More accurate mathematical methods of locating a 
rocket’s center of pressure have been developed 
based on the rocket being at a small angle of attack. 
Some of these methods ignore the contribution by the 
body of the rocket as well as making other simplifying 
assumptions. More complex calculation methods make 
corrections for the contributions of the rocket body to 
the aerodynamic forces being produced. None of these 
methods gives accurate results for unusual rocket con- 
figurations. 


For a small rocket, stability can be tested by simply 
attaching a string at the center of gravity and then 
swinging the rocket around in a circle. A stable rocket 
will orient itself with its nose forward and the fins 
trailing. The use of a wind tunnel, or something similar, 
supporting the rocket and allowing it to pivot at its 
center of gravity is a much better method of testing 


Encyclopedic Dictionary of Pyrotechnics 


and allows testing of more unusual rocket configura- 
tions, but it is unusual for an amateur to have access 
to this type of equipment. 


Because the aerodynamic stabilizing forces (i.e., drag 
and /ift) only develop after the rocket has achieved 
substantial velocity, there needs to be some additional 
method to provide stability during the rocket’s earliest 
moments of flight. This initial flight stability is usually 
achieved by a rod for guidance (i.e., a launch rod) and 
one or more launch lugs attached to the side of the 
rocket’s body tube. The launch rod (yellow arrow), 
launch lug (red arrow), safety cap and ribbon to be 
removed immediately before launch (white arrow) are 
shown below. 


= 


MODEL ROCKET IGNITER — See electric igniter 
(rocketry). 


MODEL ROCKET MOTOR - In the US, a solid propellant 
or pressurized-liquid reaction device conforming to 
the requirements presented in “NFPA 1122, Code for 
Model Rocketry”. The primary classification of these 
rocket motors is based on their power (i.e., total im- 
pulse). The total impulse and associated motor size 
designations are presented below. 


Total Impulse Motor 
(N - s) Designation 


Typical model rocket motor construction, showing its 
nozzle, propellant grain, delay charge and ejection 
charge, is illustrated below in cross section. 
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Retainer Cap 


Ejection Charge 


Delay and Smoke 
Tracking Element 


Propellant Grain 


Casing 


Nozzle 


A model rocket amateur will want to know the per- 
formance parameters for the motor to be used in the 
model. This information is typically printed on the 
motor’s eesine in the form of a code as shown below. 


In the performance code designation (B4-6) on the 
model rocket motor, the B indicates the total impulse 
is in the range from 2.51 to 5.00 newton-seconds (see 
above table), the 4 indicates the average thrust is 4 
newtons, and the 6 indicates that the delay period be- 
tween burnout and when the ejection charge fires is 6 
seconds. 


Commonly, the propellant for model rocket motors is 
Black Powder. Because of its design, upon firing, the 
typical Black Powder model rocket motor rapidly 
makes a transition from core burning to end burning 
(see propellant grain geometry (rocketry)). In the 
cross-section illustrations below: A is the motor prior 
to ignition; B, C and D demonstrate the early stages 
of its burning. 


It is also possible to purchase larger model rocket 
motors that are fueled by composite propellants (see 
propellant type). Such motors are available with core 
burning or other propellant grain geometries to pro- 
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vide a range of thrust profiles to better meet the needs 
of modelers. 


MODEL ROCKET MOTOR, PRESSURIZED-LIQUID — 


A type of model rocket motor in which a liquid, under 
gas pressure, is the working fluid. Usually, the liquid 
is water and the pressurizing gas is air. 


MODEL ROCKET NEws - (Abbreviated MRN) — The 


oldest continuously published rocketry periodical. It 
was started in 1960 and is still published sporadically 
for Estes Industries’ customers. It contains a great deal 
of practical information, especially useful for begin- 
ners. An example is shown below. 


— 


ROCKET 


A NEW 
ve,,. [BEGINNING 


PEOPLE 
BY: MIKE HELLMUND, ESTES INDUSTRIES 


he sleeping giant has stir- Motel Reskethos ws, some changes 


ole oom, 


involved in the model rocketry 
hobby for over twenty years, 


Continued on page 2 Continued on page 8 


Photo Credit: Estes-Cox 


There has been an array of changes in format over the 
years, and it has been available on the internet for 
several years. When available, it can be found at: 
www.estesrockets.com. 


MODEL-ROCKET PHASE — See rocket flight phase, 
amateur. 


MODEL ROCKETRY — Those activities associated with 
the construction and use of amateur rockets, and, in 
the US, not exceeding any limit set for a model rocket 
according to the requirements in “NFPA-1122, Code 
for Model Rocketry”. 


MODEL ROCKETRY MAGAZINE — (Abbreviated 
MRM) — An early attempt at a commercial rocketry 
magazine. It attempted to do for rocketry what 
“Model Railroading” did for that hobby, namely create 
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a forum where the whole industry could talk directly 
to the amateur without limiting the reader to a single 
company (e.g., Model Rocket News or American 
Rocketeer) or making the reader join an organization 
(e.g., the National Association of Rocketry, NAR). 
What it proved was how tiny the hobby was at that 
time; it only lasted a little over three years from Oc- 
tober 1968 through January 1972. Despite its crude 
graphics and marginal production values, the magazine 
was treasured by its followers and copies are still in 
demand today. While it was published, it incorporated 
within it The Model Rocketeer, the NAR newsletter. 


MODERN MILITARY BLACK POWDER GRADE — See 
Black Powder grade (modem military grade Black 
Powder). 


MODIFIED D’AUTRICHE METHOD -— See VOP deter- 
mination, method for. 


MODROC or MODROCER - An acronym for model 
rocket or a model rocketry enthusiast. 


MODULATION, THRUST- See thrust modulation. 


MODULE (rocketry) — A pyrotechnic subassembly con- 
sisting of more than one part that is preassembled and 
may be combined with other parts or modules to form 
either a finished unit or a larger module. 


MODULUS OF: ELASTICITY, RIGIDITY and TORSION 
— See elasticity, modulus of. 


MOL — Abbreviation for mole. 


MOLAR — The concentration of a solution expressed as 
its molarity. A solution containing one mole of solute 
per liter of solution would be described as a one molar 
solution, one containing half a mole per liter would be 
described as one-half molar, etc. 


MOLAR GAS CONSTANT - See gas constant. 


MOLARITY — (Symbol: M) — A unit of concentration of 
a solution that is frequently used in chemistry. Mo- 
larity is expressed with the units of moles per liter 
(i.e., the number of moles of a dissolved substance, the 
solute, per liter of solution). 


MOLDED, BIODEGRADABLE AERIAL SHELL CASING 


— See shell casing, aerial (molded, biodegradable 
shell casing). 
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MOLE -— (Symbol: mol) — The base SI unit for the 
quantity of a substance. A mole is the amount of sub- 
stance that contains as many elementary entities of 
that substance as there are atoms in 0.012 kilogram of 
carbon-12 ['°C]. As a number, one mole is approxi- 
mately 6.022x10” elemental entities, which is known 
as Avogadro’s number. When a mole is used, the el- 
ementary entities must be specified and may be atoms, 
molecules, ions, electrons, other particles or specified 
groups of such particles. 


One mole of anything (atoms, molecules, ions, etc.) 
has a mass equal to its molecular weight in grams 
(sometimes referred to as its gram-molecular weight). 
Thus, a mole of each type of atom has the same number 
of atoms. From the chemical equation for zinc com- 
bining with sulfur: 


Zn+S > ZnS 


Itis known that one atom of zinc reacts with one atom 
of sulfur to make one molecule of zinc sulfide. Ac- 
cordingly, it follows that that one mole of zinc reacts 
with one mole of sulfur to make one mole of zinc sul- 
fide. Because the mass in grams, of a mole of atoms 
equals its atomic weight (which can be obtained from 
tables), one mole of zinc has a mass of 65 grams, and 
one mole of sulfur has a mass of 32 grams. There- 
fore, 65 grams of zinc can react completely with 32 
grams of sulfur to make 97 grams of zinc sulfide. 


What was stated above for atoms reacting, applies 
equally for molecules. In all cases, the mass of a mole 
of molecules equals its molecular weight in grams. 
(See molecular weight for an explanation of how mo- 
lecular weights are derived from atomic weights.) 


MOLECULAR FORMULA - See chemical formula. 
MOLECULAR ION - See ion. 


MOLECULAR MASS - Equivalent to molecular weight 
but with the SI units of kg/mol. 


MOLECULAR ORBITAL — See quantum theory (colored 
flames). 


MOLECULAR SPECTRUM —- See emission spectrum 
(molecular). 


MOLECULAR TEMPERATURE — See temperature. 
MOLECULAR WEIGHT — (Also gram-molecular 
weight) — The average mass of a molecule relative to 


1/12 the mass of a carbon-12 ['?C] atom. Molecular 
weight is determined by simply adding the atomic 


Page 819 


weights of the atoms in the molecule. For example, 
knowing that the atomic weight of oxygen [O] is 16, 
and that of carbon [C] is 12, the molecular weight of 
carbon dioxide [COz] is calculated to be 44: 


C + Oo 
12+2%16=44 


One mole of any molecule has a mass equal to its 
molecular weight in grams (sometimes referred to as 
its gram-molecular weight). Accordingly, from the 
chemical equation: 


O. + C > CO, 


It is known that one mole of oxygen molecules (2 x 
16 = 32 grams) combines with one mole of carbon 
atoms (12 grams) to produce one mole of carbon di- 
oxide (44 grams). In determining the relative ratio of 
chemical reactants and products, other consistent 
standard units of mass or weight may also be used. 
Knowledge of atomic and molecular weights can be 
useful when developing pyrotechnic formulations, es- 
pecially when substituting one ingredient for another. 


When ions are arranged in a repeating crystal lattice, 
such as with solid potassium nitrate, it is not clear 
where one molecule ends and the next begins. For 
such chemicals, it is common to describe molecular 
weights as formula weights. 


MOLECULE -— A grouping of two or more atoms into a 
chemical unit. Some molecules have just two atoms 
and are described as diatomic molecules (e.g., hydro- 
gen [H2] and carbon monoxide [CO]). Most mole- 
cules have several atoms (e.g., water [H2O] and me- 
thane [CHg]), and plastics (1.e., polymers) can have 
thousands of atoms in a single molecule. 


MOLE FRACTION — (Symbol: € or X) — The number of 
moles of one component, in a phase or system con- 
taining more than one component, divided by the total 
number of moles of all the components. The results 
of thermodynamic modeling of pyrotechnic reactions 
are often reported as mole fractions. 


MOLES PER LITER — (Symbol: M) — The units for a 
solution’s molarity. 


MOLOTOV COCKTAIL IGNITER — See igniter, Molotov 
Cocktail. 


MOMENT (physics) — (Symbol: M) — A measure of the 


tendency to cause rotation about a point or axis. Mo- 
ment (M) is equal to the product of the force (F) and 
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the perpendicular distance between the point (i.e., ax- 
is of rotation) and the line of action of the force (x): 


M=F-x 


soa Force (F) 


<— Point or Axis 
of Rotation 


In rocketry: When a finned or stick rocket begins to 
veer off course, and its design is such that its center 
of gravity is located ahead of its center of pressure, a 
correcting moment will be produced, that tends to 
turn the rocket back on course. If the distance be- 
tween the centers of gravity and pressure is suffi- 
ciently great (generally at least one body tube diameter) 
the moment produced should be adequate to success- 
fully steer the rocket back on course. 


In fireworks: The rotation of a firework device (e.g., a 
wheel, saxon or tourbillion), is the result of a moment 
between the point of production of thrust and the de- 
vice’s axel (or center of gravity). 


torque — That which causes a body to rotate about 
some axis when a force is applied to the body. Math- 
ematically, torque (f) is the product of the distance (7) 
between the point of application of the force and the 
axis, with the magnitude of the force acting at right 
angles to r (F cos 6, where F is the force and @ is the 
angle of divergence to 90°). 


t=r-F-cosO 
This relationship is illustrated below. 


Applied 
Force (F) 


Point of 
Application 


MOMENT OF INERTIA — (Symbol: I) — The moment of 


inertia (J) for a body revolving about an axis equals 
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the mass of the body (m) times the distance to the ax- 
is (r) squared (see below): 


2 
l=m-r 


Axis — 
Body 


For relatively large and/or complex bodies, an inte- 
gral of the above equation is needed to calculate its 
moment of inertia. 


In fireworks: For a wheel, as the driver(s) first fire, the 
wheel begins to rotate slowly, as a result of its moment 
of inertia. For wheels of the same size, those with 
greater mass will take longer to speed-up. Also, during 
the periods between the firing of the drivers or after 
the last driver finishes, the wheel’s moment of inertia 
is what causes it to keep rotating for a while. 


MOMENTUM -—- The tendency of a body at rest or in 
motion to remain at rest or in motion, respectively. 


linear momentum — For motion in a straight line, 
linear momentum (p;) is the quantity obtained by 
multiplying the mass of a body (m) by its linear ve- 
locity (v): 


Pp=m-v 


angular momentum — For rotational motion, angu- 
lar momentum (p,) is the quantity obtained by multi- 
plying the moment of inertia of a body (J) by its an- 
gular velocity (a): 


p,=1a 


MOMENTUM THRUST — That portion of a rocket’s 
thrust contributed by the propellant’s mass flow rate 
times the exhaust velocity. 


In rocketry: Thrust is: 
F=m-v+(p, =p, al, 


Here, mis propellant mass flow, and v is exhaust ve- 
locity relative to the rocket. The first term in this 
equation (m-v) may be described as momentum 
thrust. The second term, [(pe — pa)A:] 1s known as 
pressure thrust, where p- is nozzle exit pressure, pa is 
atmospheric pressure, and A; is nozzle throat area. 


MONATOMIC — (Also monoatomic) — A substance that 
consists of individual atoms, as distinct from sub- 
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stances that consist of molecules, each of which con- 
sists of two or more atoms linked by at least one 
chemical bond. For example, the noble gases such as 
helium [He] and neon [Ne] are monatomic gases. 
This contrasts with many other gases, such as nitrogen 
[N2] and oxygen [O2] that are diatomic gases, and 
those such as carbon dioxide [CO 2] and water vapor 
[H2O(g)] that are triatomic gases. 


MONITOR (electronics) — A system that constantly, or 
frequently, measures the parameters of a circuit or 
system for faults or out-of-specification conditions. 
For example, the controllers for flame effects typically 
include electronics to monitor the proper operation of 
the pilot and will not allow the effect to proceed if the 
pilot is not functioning properly. Such a monitored pi- 
lot is described as a proven pilot. 


MONITOR (fireworks) — See crowd-control monitor. 
MONITOR, SAFETY (rocketry) — See safety monitor. 
MONOATOMIC — See monatomic. 


MONOCHROMATOR — An apparatus that allows the 
separation of polychromatic light into its monochro- 
matic components by something like a prism or a dif- 
fraction grating and the transmission of a selected 
narrow band of that separated light. (See chromatic.) 


Monochromators are used in some spectrometers that 
are used to analyze the light produced by pyrotechnic 
devices or in the identification of the chemical com- 
ponents of its composition. 


MONOCOQUE (mo'-no-kok) CONSTRUCTION (rocketry) 
— A type of construction that uses the shell or exterior 
skin of a body to carry all or most of the load that is 
applied to that body. The body may have formers or 
bulkheads but no longitudinal stringers to help carry 
the load. Most amateur rockets are constructed in this 
way. 


MONOMER- A chemical species that is capable of being 
chemically bonded to other monomers of the same or 
different compounds to form a polymer. Its chemical 
structure is the fundamental unit of the resultant poly- 
mer. For example, ethylene [C2H4] is the monomer of 
polyethylene. 


MONONITRO-TOLUENE — [C7H7NO2] — (Abbreviated 
MNT) 


Two isomers of mononitro-toluene are two of the four 
possible detection taggant chemicals that must be 
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added to plastic explosives, under the 1998 Interna- 
tional Civil Aviation Organization’s “Convention on 
the Marking of Explosives for the Purpose of Identi- 
fication”. The two forms have the nitro group at- 
tached in the ortho or para positions relative to the 
methyl group (see benzene ring): 


ortho- 
Health information: TLV-TWA: 2 parts per million; 
absorbs through the skin; IARC-3: unclassifiable as 
to carcinogenicity; the ortho isomer is MAK-2 and 
the para isomer is MAK-3B cancer rated. 


MONOPROPELLANT — See propellant type. 


MONOPROPELLANT ROCKET ENGINE — See rocket 
engine. 


MOON (fireworks) — See aerial shell name and de- 
scription (specific). 


MOON BURNER PROPELLANT GRAIN — See propellant 
grain geometry (rocketry). 


MORNING GLORY SPARKLER -— See fountain type 
(hand fountain). 


MORPHOLOGY -— The appearance, shape or structure 
of an object. 


MORTAR (fireworks) — (Also firework mortar, mortar 
tube, launching tube, pipe or gun) — A tube, closed at 
one end, from which an aerial shell, mine or comet is 
propelled into the air. The propellant (i.e., lift charge) 
almost universally consists of Black Powder. This 
burns in the confined space at the bottom of the mortar, 
producing adequate gas pressure under the firework 
to expel it from the mortar, up into the air. There are 
also mortars in which compressed air is used for the 
launching of aerial shells. These systems are used in 
permanent installations, such as theme parks, to re- 
duce the smoke and odor associated with the burning 
of Black Powder. 


consumer firework mortar, single — Single-shot 
consumer firework mortars are used in two categories 
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of devices, those that are preloaded and those that are 
reloadable. Typical examples of single-shot, preloaded 
mortars are shown below on the left, and an example 
of a preloaded, single-shot comet is illustrated below 
in cross section on the right. 


Solid Pressed 
Comet Star 


Fuse —~> 


Lift Charge 


For examples of consumer devices that have re- 
loadable mortars, see festival ball. 


Single-shot consumer firework mortar tubes are made 
of paper, either spiral wound or parallel wound. In 
recent times, it is becoming somewhat common for 
reloadable consumer firework mortars, which may be 
used 6 to 12 times and may be used to fire multi- 
break shells, to be made from plastic or fiberglass. 
This more reliably allows the mortar to meet the re- 
quirement of US regulatory authorities that the mortar 
must be capable of safely launching twice the number 
of aerial shells in the package of reloadable shells 
sold with the mortar. 


consumer firework mortar, multiple — Assem- 
blages of small diameter consumer firework mortars 
are almost universally constructed of paper tubes, 
closed with clay plugs. Most often, these mortars are 
grouped together and are chain fused as shown in the 
example below. 
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The number and size of consumer firework mortars 
grouped together ranges widely, as shown below in 
devices commonly described as cakes or multiple- 
tube devices. 


When the collection of mortars is all securely bound 
one to another, the arrangement may be described as 
dense-pack mortars. The two basic configurations for 
this are shown below as an overhead view. 


In other multiple-mortar configurations, the mortars 
are individually secured to a common base, as shown 
below in an oblique view. 


display firework mortar, single — (The use of the 
terms ‘gun’ or ‘pipe’ as synonyms for a display fire- 
work mortar is discouraged) — A collection of 4-inch 
(100-mm) mortars is shown below. 
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From left to right, these mortars are constructed of 
paper, high-density polyethylene (HDPE), fiberglass 
or fiber reinforced epoxy (FRE) and steel (thin- 
walled). The color black for HDPE mortars and or- 
ange for FRE mortars is common but not universal. 
In addition to these mortar materials, the use of thick- 
walled steel is somewhat common, especially when 
firing large multibreak shells and in displays in which 
the mortars will be reloaded. 


Display firework mortars may be secured in place by 
burial in the ground, in barrels (see mortar burial) or 
in mortar troughs. When mortars are secured above 
ground, they are typically held in mortar racks. Such 
racks may be mounted on the ground, on elevated 
structures, on floating barges or on mortar trailers. 


Typically, the pressure produced by burning a Black 
Powder lift charge propels the firework up the mortar 
and into the air. Obviously, the mortar must be able 
to withstand the pressures produced during the nor- 
mal firing of the firework being launched. For single- 
break, spherical, aerial shells, the peak internal mortar 
pressure averages approximately 14 psi (100 kPa) per 
inch (25 mm) of shell size; some heavy shells may 
produce two or more times this peak pressure. 


One method for determining the burst strength of a 
mortar is illustrated below in cross section. For safety 
reasons in such testing, it is common to use an inert 
projectile, in this case, the projectile was a plastic 
bottle filled with water, rather than a live aerial shell. 
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A series of images ofa fiberglass mortar in the process 
of burst-strength testing is shown below. 


In the first image (left), the lift charge has ignited, 
and its light output can be seen through the mortar 
wall. In the second image, the mortar has begun to 
burst, and the process continues in the third image. 
The remains of this mortar after testing are shown be- 
low. It was observed that although this mortar had 
ample strength to fire typical single-break shells, it 
may have lost some strength over many years of 
heavy use and exposure to sunlight. 
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Inthe US, the National Fire Protection Association (in 
NFPA 1123) provides minimum specifications for 
firework mortars that provide an acceptable level of 
mortar strength. (See mortar length, mortar strength 
and mortar plug for other minimum mortar specifica- 
tions.) 


While a mortar needs to be sufficiently strong to suc- 
cessfully fire the shell (or other device), it must not 
be assumed that a mortar will successfully contain 
the effects of an aerial shell that malfunctions by ex- 
ploding within the mortar as the result of either a 
flowerpot or shell detonation. It is becoming more 
common, and is more technically correct, to describe 
a so-called shell detonation as a Violent In-Mortar 
Explosion or a VIME). At least in some cases, the 
force of an in-mortar explosion can be so great that 
even the strongest of mortars will fail catastrophically. 


Various materials can be used for mortars. The fol- 
lowing list is organized roughly in order of their 
overall safety and performance: 


e Fiber-Reinforced Epoxy (FRE) or fiberglass 
e High Density Polyethylene (HDPE) 

e Steel (thick-walled) 

e Paper (cardboard) 

e Aluminum and thin sheet steel 

e Acrylonitrile-butadiene-styrene (ABS) 

e Polyvinyl chloride (PVC) 


The first two listed mortar materials are similar in 
safety and performance, and their relative ranking 
may depend on the manner and nature of the material 
used to plug the mortars made with them. 


FRE and HDPE mortar: Fiber-reinforced epoxy and 
high-density polyethylene mortars have the ad- 
vantage over metal and more brittle plastic (e.g., ABS 
and PVC) mortars in that, if the mortar bursts, the re- 
sulting fragments will likely be less dangerous. For 
electrically fired, single-break (and some multibreak) 
aerial shells, FRE and HDPE are preferable to steel. 
For manual firing, with shells being reloaded during 
the display, consideration must be given to the effects 
of temperature on HDPE mortars (and possibly also 
on FRE mortars). Repeated firing of a mortar during 
a display causes it to heat up. Since HDPE is a ther- 
moplastic, a mortar made of HDPE will lose strength 
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as its temperature rises. 
For this reason, in the US 
the number of shells that 
can be fired from a plastic 
mortar is limited to 7 
shells during any one dis- 
play. An example of a por- 
tion of a HDPE mortar that 
had been fired repeatedly, 
and which failed by bulg- 
ing and bursting out its side 
upon the firing ofa normal- 
ly-exploding shell is 
shown at the right. 


Thick-walled steel mortar: Thick-walled steel mortars 
have the greatest burst strength of all the various types 
of mortars and will usually withstand a shell explosion 
within them. Although if the shell is a salute shell or a 
star shell undergoing a shell detonation (i.e., VIME), 
there is a significant likelihood that the mortar will fail 
and project extremely dangerous fragments. The re- 
sult of a 12-inch (300-mm) aerial shell undergoing a 
VIME in a thick-walled, steel mortar is shown below. 


There is a scientific basis for expecting that, being 
more highly confined, the explosion of a shell in a 
thick-walled, steel mortar will be more violent than if 
the same malfunction had occurred in a less strong 
mortar. The less-strong mortar will release the explo- 
sive pressure by bursting the mortar before pressures 
build to extremely high values. Steel mortars should 
be buried in the ground and, if they are to be fired 
manually, they should be barricaded with sandbags to 
the top of the mortar. 


Steel mortars should never be used to fire salutes. A 
steel mortar, in some instances, may survive a VIME 
of a star shell, but it may not survive the in-mortar 
explosion of a salute. Such an event may project le- 
thal fragments into areas occupied by crew members 
and possibly into spectator areas. An exception to this 
rule is for the firing of large, multibreak, cylinder 
shells that contain a bottom shot. High-strength, thick- 
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walled steel mortars are usually required for these 
shells to be fired successfully. For safety reasons, it is 
necessary to bury and barricade these mortars. 


Paper mortar: Paper mortars are acceptably strong, 
and, if they fail, they produce fragments of only mod- 
erate hazard. On the other 
hand, paper mortars are 
easily damaged and have 
a limited service life. An 
example of the type of 
damage that paper mor- 
tars can sustain is shown 
at the right. 


Furthermore, if paper mortars are placed in damp 
ground (or even in seemingly dry ground for an ex- 
tended period), they must be protected from moisture. 
This is conveniently accomplished by placing the pa- 
per mortar into a plastic bag before burying it. An ex- 
ample of a 12-inch mortar that was not suitably pro- 
tected before being put into somewhat damp sand is 
shown below. 


Upon firing, this new mortar split upward to the level 
of the top of the damp sand and, in the process, de- 
stroyed the container into which it had been placed 
and repositioned other nearby mortars. 


Other mortar types: For manually fired shells, mortars 
made of aluminum, thin-sheet steel, ABS and PVC are 
not considered acceptable from a safety standpoint. 
This is because they have only moderate strength, and 
they will produce especially dangerous fragments in 
the event of an in-mortar shell explosion. 


Mortar fragment distance: When in-mortar explosions 
occur, there is potential for the mortar to produce 
dangerous fragments. The results of a study (Con- 
testabile, 1991) of the distance that mortar fragments 
were found to travel is summarized below. The frag- 
ments were produced by star shell and salute explo- 
sions in various types of mortars. The potential for 
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the mortar fragments causing serious injury is not ad- 
dressed in the table. 


Mortar Material 


a) Not exceeding. b) To the nearest 5 feet. 


c) Accident investigations found that in one instance, a 
spectator fatality from the impact of a steel mortar frag- 
ment occurred at 700 feet (210 m) from the exploding 
mortar. In another incident, a massive steel fragment 
traveled more than 1200 feet (370 m). 


display firework mortars, multiple — Collections 
of display firework mortars (ranging from 1 to 4 inches, 
25 to 100 mm, ID) may be assembled into chain-fused 
units to produce a rapidly fired barrage. For infor- 
mation on these assemblages, see finale box. 


MORTAR (pyrotechnic special effect) — Any of a large 
collection of hardware used to contain or discharge 
proximate audience pyrotechnics and some flame ef- 
fects. These include concussion mortar, flame projec- 
tor, flash pot and puff pot. Examples of a concussion 
mortar (left) and a puff pot (right) are shown below. 


Special effect mortars can be much larger in size, 
such as those used for gas bombs, Cremora mines 
and ghost mines. 


MORTAR AND PESTLE — An early, but still useful and 
effective, method for grinding small quantities of 
chemicals. The apparatus consists of a bowl (the mor- 
tar) and a hand-held grinding instrument (the pestle). 
A set of three small mortars and pestles is shown be- 
low. They are made of porcelain, with the working sur- 
faces left unglazed. Mortars and pestles are also made 
of other materials, such as iron, wood, stone and glass. 
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A mortar and pestle are used by placing the material 
to be reduced in particle size into the mortar. Then, 
using a circular motion with the pestle, while apply- 
ing a downward force, one grinds the material be- 
tween the two working surfaces (i.e., end of the pestle 
and the inside of the bowl of the mortar). 


A mortar and pestle may also be useful for the inti- 
mate mixing of non-pyrotechnic materials and low- 
sensitiveness pyrotechnic compositions. In this appli- 
cation, much less pressure is applied to the pestle, and 
mixing may be carried out with the material mois- 
tened with water or other suitable phlegmatizing liquid. 


MORTAR ANGLING — See separation distance (display 
fireworks). 


MORTAR, BULLET HIT — See bullet hit shield. 


MORTAR BURIAL -— Traditionally, firework mortars 
were fixed in an upright position by burying them be- 
tween *% and % of their length in the ground, as illus- 
trated below in cross section. 


Quick Match 
Safety Shell Leader 


Cap 


Sand Bag | 


Shell Casing 


Cross-Matched — 
Time Fuse 


Shell Lift Charge = 
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This method has the advantage that, should a power- 
ful in-mortar explosion occur that shatters the mortar, 
it is less likely that the fragments will injure crew 
members or spectators. Although above-ground racks 
are now used more extensively than in the past, burying 
mortars is still a common method of supporting mor- 
tars, especially when shells will be reloaded during a 
display. 


Several techniques are used for the burial of mortars. 
In one technique, individual holes are dug to place 
and secure each mortar. Today, it is common for a 
trench to be dug, often using a trenching machine or 
backhoe. An example of mortars in racks that have 
been buried in a trench and back-filled with sand is 
shown below. 


Photo credit: Ralph Chamberlain 


The soil used to bury mortars should not contain 
stones or other coarse material in the soil that is piled 
around the mortar. Such things could become deadly 
missiles if the mortar is destroyed in an explosion. 
Buried paper mortars need to be protected from the 
influx of moisture, which is present in nearly all soil. 


Some degree of moisture protection can be achieved by 
thoroughly impregnating paper mortars with lacquer 
or similar material, but more effective protection can 
easily be accomplished by placing the mortar in a 
large plastic bag (e.g., trash bag) before burying it. 
This method also helps to keep the mortar clean and 
facilitates the removal of the mortar after the display. 
Placing buried mortars in a plastic bag also can be an 
effective way of protecting the mortar and a preloaded 
shell from rain. Ifthe bag is long enough, it can be tied 
at the top over the muzzle of the mortar. If the shell 
(or other device) is to be ignited electrically, the bag 
can remain over the mortar 
during firing. An example 
of large caliber mortars that 
were buried by placing 
them in large barrels (filled 
with sand) and then each 
barrel and mortar was cov- 
ered with a large plastic bag 
for protection from rain, is 
shown at the right. 
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When shells will be reloaded during a display, espe- 
cially when the ground is soft, it is good practice to 
place support below the mortars. This can be accom- 
plished by lumber or flat stones placed under the 
mortars in the hole or trench. Failing to do so can re- 
sult in a mortar being driven into the soil a couple of 
inches with each shell firing; eventually the mortar 
muzzle may be driven below ground level. 


As an expedient method, it is tempting to bury more 
than one mortar in a single hole or to put bundles of 
mortars into a single hole. This is an unsafe practice 
because a mortar explosion in any one mortar can re- 
angle the remaining mortars such that, if additional 
shells fire, their trajectories may be at severe and un- 
safe angles. 


Mortars can also be buried in mortar troughs or indi- 
vidually in barrels (shown above). 


MORTAR BURST (fireworks) — (Also in-mortar explo- 


sion) — An aerial shell malfunction where the shell 
bursts (1.e., explodes) within the mortar. There are 
two types of mortar bursts: a flowerpot, which is a 
relatively weak explosion that often leaves a modestly 
strong mortar intact; and a shell detonation (better 
described as violent in-mortar explosion or VIME), 
which is a powerful explosion that may destroy even 
a thick-walled, steel mortar. 


When a mortar ruptures, as the result of a forceful 
aerial shell malfunction within it, it is typically de- 
scribed as a mortar explosion. 


MORTAR CLEANING, FIREWORK — Mortar cleaning is 


sometimes performed during a manually-fired display 
in which the mortars are reloaded after firing. The 
process of mortar cleaning involves the removal of 
remnants of the previously fired shell before another 
shell is loaded into the mortar. Mortar cleaning can be 
accomplished by a mortar clean-out tool, typically, a 
stick with one of more nails exposed on one end. The 
tool is inserted into the mortar and the nail(s) are 
used to snag any loose debris, which is removed as 
the tool is withdrawn from the mortar. 


Two reasons are frequently given for why mortars 
should be cleaned between firings during a display in 
which the mortars will be reloaded. The reasons cited 
are to reduce the occurrence of both premature igni- 
tions and low-breaking shells. 


Premature firing of an aerial shell is a possibility 
when the debris within the mortar is smoldering; this 
should not pose an unacceptable safety problem. The 
firing of an aerial shell will leave the mortar in a sig- 
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nificantly oxygen-depleted condition, especially near 
the bottom of the mortar. Thus, smoldering debris 
will not tend to smolder for long. Then too, even 
when an aerial shell has been loaded on top of smol- 
dering debris, some time will elapse before the smol- 
dering can propagate to the point of igniting the /ift 
charge. Thus, the shell loader will have already re- 
treated before the shell fires. Finally, even if a prema- 
ture ignition does occur, and it happens when a crew 
member is close to the mortar, providing the crew 
member is taking the precaution of not having any 
body parts over the mortar and is wearing at least 
minimal personal protective equipment, no serious 
injury will likely occur. Failure to take such precau- 
tions may result in serious injury or death. 


The other frequently mentioned concern about debris 
building up in the bottom of a mortar that is repeatedly 
fired during a display is that a subsequently fired aerial 
shell will be a low break. The effect of both increased 
aerial shell dead volume and shorter effective mortar 
length are sometimes cited as reasons for a reduction 
of aerial-shell burst height. This is not correct. Any 
reduction in aerial-shell burst height due to the build- 
up of a moderate amount of debris in the bottom of a 
mortar will be modest at worst; further, a mortar will 
normally clear itself during later firings. 


What is not often considered is the risk of attempting 
to clean a mortar containing a shell that is subject to a 
hangfire and then fires as the cleaning is being at- 
tempted. The risk to the mortar cleaner is especially 
great ifthe person assigned the responsibility of doing 
the cleaning is also supposed to observe the firing 
process. It is difficult or impossible for that person to 
both clean the various mortars and carefully observe 
the firing process to be certain that no hangfire has 
occurred. It is accepted practice that the person firing 
the mortars (i.e., the shooter) should place an indica- 
tor adjacent to a mortar as a warning that the mortar 
failed to fire its contents. This should be accompa- 
nied by a loud verbal warning alert to both the person 
cleaning the mortars and the person(s) reloading the 
mortars. 


The problems resulting from not cleaning mortars are 
relatively insignificant when compared to the sub- 
stantial risk to the person cleaning the mortars. Thus, 
the routine cleaning of mortars during displays is now 
discouraged. On those rare occasions when a loader 
has noticed a significant build-up of debris in a mortar, 
the loader may clear that mortar after being certain 
the previously loaded shell has fired from the mortar. 


Today, it is an increasing common practice to preload 
the entire display (whether fired manually or electri- 
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cally). This is for crew safety reasons and makes it 
unnecessary to clean the mortars. 


MORTAR CLEAN-OUT TOOL — A tool used to remove 


paper and other debris from a mortar. It is often made 
by driving one or more nails through the end of a 
stick or broom handle as illustrated below. 


Broom Handle Nails 


Cleaning mortars during a firework display can be 
dangerous. Thus, it should be done only when neces- 
sary, and only when it is certain that no shell remains 
in the mortar. 


MORTAR DIAMETER (fireworks) — Firework mortars 


are almost universally specified by their inside diam- 
eter (ID). In all cases, the outside diameter of aerial 
shells (or other devices) to be fired from the mortar 
must be slightly less than the mortar’s ID. (See aerial 
shell size.) 


For consumer fireworks — It is no longer common to 
specify the size of consumer firework mortars, espe- 
cially for smaller diameter mortars. When mortar size 
is cited, in the US, the size cited is the inside diameter 
of the mortar. At one time, the typical US size for 
consumer firework mortars was specified by mortar 
number designations. Because mortar numbers may 
still be encountered in older literature, mortar number, 
ID and typical length are presented below. 

Mortar |__ LD. | Length 

Number | (in.) }(mm)| (in.) | (mm) 


For display fireworks: Mortar diameter for display 
fireworks is stated as its inside diameter (ID). In the 
US, this is expressed in inches, whereas in much of 
the rest of the world, shell sizes are usually specified 
in millimeters. Approximate shell size equivalents in 
inches and millimeters are presented below on the 
right. 
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Other important mortar param- 
eters are mortar length and wall 
thickness (see mortar strength) 
considering the material from 
which the mortars are con- 
structed. 


(in.) | (mm) 


MORTAR, DISH — See pan mor- 
tar. 


MORTAR EXPLOSION  (fire- 
works) — The forceful bursting 
of a firework mortar, typically 
as a result of the explosion of 4) Rounded down to 
an aerial shell while still inside bestest mm: 
the mortar. For relatively weak ?) poole fend 

: earest 10 mm. 

mortars, this may be the result 

of the shell malfunctions described as flowerpot and 
shell detonation (also described as a VIME, a violent 
in-mortar explosion). High-strength mortars (e.g., 
thick-walled, steel mortars) will usually survive a 
flowerpot malfunction but cannot be relied upon to 
survive a shell detonation. An example of a 12-inch 
(300-mm) thick-walled, steel mortar after a most se- 
vere mortar explosion is shown below. 


In the event ofa mortar explosion, there is a high prob- 
ability that adjacent mortars will be repositioned, pos- 
sibly in dangerous directions. An example of this re- 
positioning for a line of buried mortars is shown below. 
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Photo credit: Ralph Chamberlain 
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Also, of great concern are steel fragments reaching 
spectator areas. In some cases, heavy-steel fragments 
have traveled more than 1200 feet (360 m). For mor- 
tars producing less hazardous fragments (e.g., high- 
density polyethylene and fiberglass), because their 
fragments have a lower ballistic coefficient, they are 
less likely to reach spectator areas, but can still pose a 
serious hazard to manual-firing crew members. 


It is thought by some that overall safety may be im- 
proved when a mortar has adequate strength to with- 
stand the launch of a normally exploding shell, yet 
bursts when pressures are significantly greater, such 
as from a shell exploding (i.e., malfunctioning) with- 
in the mortar. If the mortar bursts under these condi- 
tions, this will limit the internal mortar pressures pro- 
duced. Thus, it may decrease the likelihood of a rela- 
tively mild in-mortar explosion (e.g., a flowerpot) 
from transitioning to a more powerful explosion oc- 
curring (i.e., VIME or shell detonation) with greater 
physical damage and more dangerous fragments being 
produced. 


MORTAR FIRING SPL (fireworks) — See sound pres- 


sure level, aerial shell. 


MORTAR HIT — A pyrotechnic preload used to simu- 


late a cannon ball or mortar round striking a surface 
(usually the ground) as part of a theatrical or proxi- 
mate audience performance. Typically, the composi- 
tion uses an organic fuel and is quite fuel-rich. This 
produces the effect of a rolling flame (i.e., fireball), 
smoke and only a moderately loud popping sound. 
Alternatively, a charge of granulated Black Powder 
may be positioned beneath the organic fuel as a pro- 
pelling charge. One type of mortar hit is shown be- 
low. Based on the color of the unburned composition, 
it appears to contain a high percentage of red gum as 
one of the fuels. 


The effect produced by this item is shown below as a 
series of images. The time span for the series of images 
is approximately 0.8 second and the fireball reached a 
height of approximately 12 feet (4 m), with the smoke 
continuing to rise thereafter. 


Page 829 


ces |) coca 


Minimum Inside Mortar Length(in.) 
Mortar | Single- Double- Up to 
ID (in.) Break Break Aas Break 


MORTAR LENGTH — The length of mortar tube ex- 
tending from directly above the mortar plug to the top 
(i.e., muzzle) of the mortar. The height attained by an 
aerial shell depends, among many other things, on the 
length of the mortar from which it is fired. An exam- 
ple of the relative effect of mortar length on aerial- 
shell burst height is presented below. 


For 3-inch (75-mm) 
Spherical Shells, 
Normalized to 20-inch 
(500-mm) Mortar Length 


Normalized Burst Height 


0 10 20 30 40 50 60 
Mortar Length (in.) 


As a minimum, a shell should be propelled to such a 
height that burning debris is extinguished well before 
reaching the ground. This can be established by testing, 
if desired, but there are recommendations for appro- 
priate mortar lengths. For example, for a single-break 
shell, it is recommended that the mortar length be at 
least 5 times the mortar diameter for shells less than 8 
inches (200 mm) and 4 times the mortar diameter for 
mortars 8 inches (200 mm) and above. Also, “NFPA 
1123, Code for Fireworks Display” provides specific 
recommendations, as presented below. 
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For SI units: 1 in. = 25.4 mm. 


For consumer firework mortar tube length, see mortar di- 
ameter (for consumer fireworks). 


MORTAR NUMBER (consumer fireworks) — See mortar 


diameter (consumer firework). 


MORTAR ORGANIZATION -— For electrically fired dis- 


plays and for preloaded, manually-fired displays, the 
organization of mortars is of little consequence. If 
mortars are to be reloaded during a display, thought 
should be given to organizing the mortars so that 
loading errors, in which a smaller-diameter shell is 
mistakenly loaded into a larger-diameter mortar, are 
less likely to occur. Such errors will typically result in 
the aerial shell falling back to the ground before ex- 
ploding, thus posing serious danger for the firing crew. 


Mortars should be grouped by size, the groups should 
be separated, and adjacent groups should differ in 
size by more than one inch (25 mm). An example of 
such a setup is illustrated below. 


5" 3" ga p 6" 4" 
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Ready boxes containing the shells to be reloaded 
should be separated similarly by size, as in the mortar 
placement shown above. This will further help to 
preclude loading an incorrect size shell in a mortar. 


MORTAR, PAN -— See pan mortar. 


MORTAR PLACEMENT (fireworks) — See separation 


distance (display fireworks). 


MORTAR PLUG — Material used to close the end of a 


tube to make a firework mortar. With some mortar 
materials, it is possible to eliminate the need for a 
separate plug by molding the mortar with the closure 
already in place (e.g., HDPE mortars). An example of 
this type of mortar closure is shown below for 2 
through 4-inch (50 through 100-mm) mortars. 
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With some materials, the plug may be welded in place 
(e.g., steel mortars). When a plug is welded in place, 
the plug should be at least as thick as the wall of the 
mortar. Also, the weld should be a fillet weld (as il- 
lustrated below in cross section), as opposed to a butt 
weld (see weld). 


Fillet Weld 


When the mortar plug is made of material different 
from that of the mortar tube, the plug is usually made 
of wood. For most mortar types, it is recommended 


that the thickness of a wooden plug be at least half 


the internal diameter of the mortar. The required 
thickness may vary depending upon local regulations. 
Further, in the case of a paper mortar, because of the 
tendency for fasteners to tear the paper over time, it is 
recommended that the plug thickness be equal to the 
mortar internal diameter. Wooden plugs are usually 
secured with nails, bolts or screws, sometimes aug- 
mented with adhesive. To help prevent the splitting 
of a wooden plug, it is useful to have the fasteners 
offset somewhat from one another, as suggested in 
the rightmost illustration below in cross section. 


Nail or Screw 


For mortars with wooden plugs, the plugs should be 


flush with the bottom of the mortar and not raised 


Encyclopedic Dictionary of Pyrotechnics 


above the end of the mortar tube. If there is a gap be- 
tween the bottom of the plug and the bottom of the 
mortar tube, there is an increased chance that the plug 
will blow out during use. This is because of the lack 
of solid support under the plug itself. For the same 
reason, unless additional measures are taken in the at- 
tachment of the plug, a mortar mounted in a rack 
should have its plug seated solidly against the base of 
the rack, without a gap between the plug (or portion 
of the plug) and the rack. This can cause a mortar 
plug support problem in racks designed for mortars to 
be angled in a range of directions (e.g., a fan rack). 


MORTAR POWDER - See Black Powder grade (histori- 


cal military grade). 


MORTAR PRESSURE, INTERNAL — Almost universal- 


ly, the gas pressure from burning Black Powder in- 
side a firework mortar that is used to propel an aerial 
shell into the air. (An exception is a few permanent 
installations, such as at theme parks, where air pres- 
sure provided by compressors is used to launch 
shells.) A graph of a reasonably typical mortar pres- 
sure profile (i.e., pressure versus time) produced dur- 
ing the firing of a typical spherical aerial shell is pre- 
sented below. (The exact shape of the pressure graph 
depends on several factors, which are beyond the 
scope of this discussion.) 
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In the above graph, at time to the lift charge has been 
ignited with an electric match. During the time interval 
from to to ti (roughly 10 to 15 milliseconds), fire is 
spreading through the mass of lift charge; the mortar 
pressure has not yet begun to rise significantly. There- 
after, the pressure rises to a peak value at tp (after 
roughly another 8 to 10 ms). As the shell accelerates 
rapidly up the mortar, the pressure begins to fall. At 
the point of the shell exiting the mortar at te (another 
8 to 10 ms after reaching its peak), the pressure falls 
more rapidly and reaches zero at t; (after roughly an- 
other 5 ms). 


The total time taken for an aerial shell to exit the 
mortar and the muzzle velocity of that exiting shell is 
mostly independent of shell size. On the other hand, 
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the average values of peak internal mortar pressure 
are dependent on shell size. One set of average data, 
determined from 136 individual spherical, single- 
break shell firings of various sizes, is presented below. 


Shell Size 


@ 


When the peak pressure values are plotted as a function 
of shell size (see below), it is apparent that they have 
an approximately linear relationship, with a slope of 
13.6 psi per inch (3.76 kPa/mm) of shell size. 


160 


—_ 
pe) 
(=) 


Peak Pressure (psi) 
oO 
(e) 


0 2 & 6 8 10 12 
Spherical Shell Size (in.) 


MORTAR RACK -— (Also rack) — A sturdy frame used 
to support firework mortars in an upright position, 
usually above ground. In the US, racks may be used 
for mortars up to 6-inch ID (and, under special condi- 
tions, up to 8-inch). The use of racks to position steel 
mortars is inappropriate, as steel mortars need to be 
buried. 


When racks are used in the US for mortars containing 
chain-fused shells, the rack must contain no more 
than fifteen 3-inch (75-mm) mortars, twelve 4-inch 
(100-mm) mortars or ten 5 or 6-inch (125 or 150-mm) 
mortars. Having fewer mortars per rack is greatly 
preferred, because, in the event ofa catastrophic failure 
of a mortar in a typical (i.e., wooden) rack, all or 
most of the remaining mortars in the rack are likely 
to become repositioned. When this occurs, and if ad- 
ditional shells fire from those mortars, there is poten- 
tial for shells to be fired into spectator areas. 
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wooden mortar rack — A mortar rack of typical 
wooden construction is illustrated below, without 
showing any means for its support. 


2x4 Spacers 


2x4 


1x4 


(Note that 

no means of 
rack support 
has been shown 
in this drawing.) 
2x4 


One of many ways to support a mortar rack is to pro- 
vide legs along the ends of the rack, as shown below. 


Photo credit: Ralph Chamberlain 


Other methods include the use of metal stakes or se- 
curing multiple racks together side by side with space 
between the individual racks (see below) 


gaa & & 


Photo Credit: Lansden Hill, Pyro Shows, Inc. 


Although commonly used, typical wooden racks usu- 
ally do not have the strength needed to survive a mortar 
explosion in the rack. A serious rack failure will 
cause the mortars in the rack to be repositioned, pos- 
sibly in dangerous directions. This is especially prob- 
lematic if the shells in the mortars have been chain 
fused, which makes them more likely to continue to 
fire after a mortar explosion. 
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When a typical wooden mortar rack is damaged by a 
mortar explosion, there is a strong tendency for the 
resulting misdirected mortars to become aimed to- 
ward the sides of the rack (rather than toward an 
end). Accordingly, it is appropriate to use this infor- 
mation to minimize the potential for a shell being 
fired into spectator areas from a misdirected mortar. 


It is required, in the US, that mortar racks be posi- 
tioned perpendicular (as seen in a plan view) to the 
main spectator viewing area, as illustrated below. 


Required 

Orientation 
Recommended 
Sequennce of 
Firing 


The potential for errant shell firings from a wooden 
rack, which was damaged by a mortar explosion, was 
demonstrated and recorded on video. A series of im- 
ages from this demonstration are shown below. Un- 
fortunately, with the passage of time the quality of 
the analog video has degraded substantially. 


Photo Credit: Marc Williams, Night Musick 


In the first image (top left), the wooden mortar rack 
of typical construction and containing five 3-inch pa- 
per mortars can be seen immediately before firing. 
Four of the mortars in the rack have been loaded with 
dummy shells containing only wads of compressed 
paper with a standard shell leader and lift charge. A 
titanium salute was loaded into mortar three (in the 
center). The salute was configured to explode imme- 
diately upon ignition of its lift charge. The second 
image (top right) captures the moment of the salute’s 
explosion, bursting its mortar and destroying the in- 
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tegrity of the mortar rack. In the third image (bottom 
left), mortar four, now aimed horizontally, fires to the 
right. The mortar itself cannot be clearly seen but its 
muzzle flash projecting to the right is apparent. In the 
final image, mortar five has been blown approximately 
6 feet to the right and, while still slightly airborne, fires 
vertically. 


metal mortar rack — Because of the ductility and 
high strength of metal compared to wood, in recent 
years it has become increasingly common to con- 
struct mortar racks of metal. The designs for this type 
of rack are intended to allow the dissipation of explo- 
sive forces, in the event of a mortar explosion, with- 
out causing the remaining mortars to be dangerously 
repositioned. Despite these advantages, some juris- 
dictions prohibit the use of any metal in the construc- 
tion of firework supports (including mortar racks). It 
is feared that, in the event of a particularly violent 
malfunction, flying pieces of metal would present a 
more serious hazard than flying pieces of wood. One 
style of metal rack that is configured in a manner 
similar to a wooden rack is shown below. 


Photo credit: Jamie Deye, PyroMaster 


The design features include: the shape, location and 
number of perforations in the metal; the ample spacing 
between the individual mortars; and the wide separa- 
tion of the upper and lower metal frames. This design 
is also intended to reduce the potential for metal 
fragments to leave the rack. 


Another style of metal mortar rack (sometimes re- 
ferred to as a picket fence rack) is patterned after a 
traditional mortar support method used in the orient. 
An example of this type rack is shown below. 


Photo credit: Mare Williams, Night Musick 


This rack uses a welded, square-tubular-steel back- 
bone, wide separation between individual mortars and 
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attachment of the mortars to the backbone with nylon 
cord fastenings. To provide stability for this rack, legs 
can be attached, the rack can be attached to strong 
posts, or multiple racks can be coupled together in a 
90° zigzag pattern. 


dense-pack rack — (Also matrix mortar rack) — A 
type of metal mortar rack that is so strongly con- 
structed that mortar tubes can be placed in close 
proximity to each other. Such racks are typically con- 
structed of welded tubular-steel members crisscrossing 
to provide locations for the mortars to be inserted. An 
example is shown below. 


These racks must be of adequate strength that if a 
mortar explosion occurs, while adjacent mortars may 
be damaged, they will not become aimed in dangerous 
directions. This is accomplished by using sufficiently 
strong steel members that are strongly welded at each 
crossing point and by having 2, or preferably 3, criss- 
crossing layers of steel. 


An arrangement similar to a dense pack rack can be 
assembled from several of the first type of metal rack 
design shown above. As shown below, four metal 
tubes (red arrows) are used to secure the individual 
racks together. The 2x6-dimensional lumber (yellow 
arrows) provides a convenient means (i.e., handles) 
for moving the racks into place and they serve as an 
alternate (or additional) method for securing the indi- 
vidual racks together. 


Photo credit: Jamie Deye, PyroMaster 


It is possible (and preferred) to use these racks in a 
similar arrangement but with added space between 
the individual racks. Doing so will reduce the poten- 
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tial for one mortar explosion to damage nearby mor- 
tars and rack components. 


MORTAR RECOIL FORCE — When an aerial shell is 
fired from its mortar, a recoil force is produced. 
When firing shells from a roof or other structure, it is 
essential to know that the structure has the load 
strength to safely withstand the recoil forces that will 
be produced. 


Knowing the typical mortar pressure profiles (see 
mortar pressure, internal) and the inside cross- 
sectional area of the mortars, it is possible to calcu- 
late the time-dependent recoil forces produced. 


Approximate peak recoil forces produced by the firing 
of typical single-break, spherical, aerial shells of var- 
ious sizes are presented below. Because the peak re- 
coil force is produced for only a few milliseconds, al- 
so included in the table are impulse values (i.e., aver- 
age force times time) that would be useful in compu- 
ting the structural response of a roof or platform from 
which mortars are intended to be fired. 


Shell Size_| Peak Recoil Force 
in.) j(mm)|__(Ibf)_; (N)__| (Ibf's); (Ns) 


| 


a) Impulse values were calculated based on the observa- 
tion that average recoil forces are approximately 45% of 
the peak-recoil values and that the duration of the recoil 
event is approximately 0.025 second. 


MORTAR, SAND - See sand mortar. 


MORTAR SIZE — See mortar length, mortar diameter 
and mortar strength. 


MORTAR, SMOKE — See smoke mortar. 


MORTAR STRENGTH — In simplest terms, the strength 
required for a mortar that is sufficient for it to with- 
stand the pressure generated during a shell firing. 
This can be determined through testing (see mortar) 
but guidelines are available that suggest the minimum 
wall-thickness appropriate for mortars of some com- 
mon materials. For example, “NFPA 1123 Code for 
Fireworks Display” provides the following recom- 
mendations for mortars of various materials: 
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Steel Mortar: 


Minimum Mortar Wall Thickness (in.) @ 


Mortar Cylindrical 
Spherical | Single-Break | Multi-Break 


For Sl units: 1 in. = 25.4 mm. 


(a) The tensile strength of the steel should be at least 
40,000 psi (276 MPa). 


(b) Wall thickness is based on American National Standard 
Schedule 40 pipe. 


Paper Mortar (Convolute or Spiral): 


Minimum Mortar Wall Thickness (in.) @ 
Cylindrical 
Spherical | Single-Break | Two-Break 
0.18 0.25 0.37 


For Sl units: 1 in. = 25.4 mm. 


(a) The cross-grain tensile strength of the paper should be 
at least 2,300 psi (16 MPa). 
(b) Data not currently available. 


High Density Polyethylene Mortar: 


Minimum Mortar Wall Thickness (in.) ® 
Cylindrical 
Single-Break | Two-Break 
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For Sl units: 1 in. = 25.4 mm. 


(a) These data assume that the tensile strength of the 
HDPE is at least 3,500 psi (23 MPa). 


(b) Data not currently available. 


Fiberglass Reinforced Epoxy (FRE) Mortar: 


Minimum Mortar Wall Thickness (in.)@ 
Cylindrical Multi- 
Single-Break | Break‘) 


12 0.25 (b) (b) 


For Sl units: 1 in. = 25.4 mm. 
(a) These data assume the tensile strength of the fiber- 
glass is at least 11,500 psi (76 MPa). 
(b) Data not currently available. 


Note that these recommendations are for materials 
with a specific tensile strength. This is not to say that 
materials with a lesser tensile strength are unaccepta- 
ble. Weaker materials may be used, providing an ap- 
propriate adjustment is made to the wall thickness. 
The appropriate adjustments to wall thickness can be 
calculated using Barlow’s formula. 


MORTAR TRAILER — A trailer that holds a collection of 


permanently mounted firework mortars; typically, it 
has electrical connectors adjacent to each mortar for 
easy attachment of electrical igniters. An example of a 
mortar trailer is shown below in two views (side and 
overhead). In this case, there are provisions for 341 
mortars ranging from 3 to 12 inches (75 to 300 mm). 
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The trailer is towed to the firing site, where it is 
raised off its tires and firmly supported in place (with 
the mortars at an angle from vertical, as needed). 
Then aerial shells are loaded into the mortars and 
electrical connections are made. If careful thought 
has been put into the details of the trailer design, a 
relatively small crew can, in a few hours, prepare to 
shoot a major aerial firework display. This is because 
the necessity of first setting up mortar troughs, mortar 
racks and electrical firework rails has been eliminated. 
Also eliminated is the necessity of tearing down such 
equipment after the display. 


As with any dense-pack rack system (see mortar rack), 
there are legitimate concerns about the effect of mortar 
explosions upon adjacent mortars and on the trailer 
itself. For this reason, it is common to not fire salutes 
from trailers; salutes are fired from separate mortars 
not mounted in the trailer. 


In addition to trailers especially constructed to hold 
racks of firework mortars, trailers (especially flatbed 
semi-trailers) are often used as mobile platforms for 
conventional mortar racks and troughs. An example 
ofa series of sand-filled mortar troughs holding many 
large-caliber mortars is shown below. 


Photo credit: Lansden Hill, Pyro Shows, Inc. 


MORTAR TROUGH - (Also sand box) — An above- 
ground structure filled with sand or similar material 
into which mortars are positioned ready for use in a 
firework display. An example of a sand-filled mortar 
trough with aerial shells on top of the HDPE mortars 
into which they will be loaded is shown below. It is 
recommended that a minimum of 2 inches (50 mm) of 
sand or similar material separate each mortar from 
other mortars and from the sides of the trough. This will 
help to mitigate the effects from a mortar explosion. 
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It is best to orient mortar troughs in relation to the 
main spectator area (not to scale) as illustrated below. 
From the standpoint of safety, the troughs should be 
perpendicular to the main spectator area and the fir- 
ing of the mortars should begin with those mortars 
closest to the spectators. 


Sand 
Troughs 


Mortar troughs are often constructed so that they may 
be easily disassembled after a show, allowing the sand 
to spill onto the ground where it can be more easily 
removed by a backhoe or other mechanical means. 
Mortar troughs still need to be constructed to provide 
reasonable strength in the event of a mortar explosion. 


MORTAR TUBE — See mortar (fireworks). 
MORTON GUN - See capsule gun. 


MOTOR BLOCK and MOTOR HOOK -— See rocket motor 
mount. 


MOTOR, JETEX™-SeeJetex™ (Jetex™ rocket motor). 
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MOTOR MOUNT, MOTOR MOUNT ADAPTER, MOTOR 
MOUNT CENTERING RING and MOTOR MOUNT 
TUBE — See rocket motor mount. 


MOTOR, PYROTECHNIC — A device for producing 
controlled mechanical power by means of pyrotech- 
nically-generated gas. Such devices may be simple 
modifications of motors originally designed to oper- 
ate on compressed air. Operation on pyrotechnically 
generated gas instead of compressed air can be desir- 
able when power is required for only a short time (on 
the order of at most a few minutes) and when no 
compressed air is available. 


One example is the motor developed in the first half 
of the 20" century by the British engineering firm 
Williams and James (Engineers) Ltd of Gloucester as 
a starter-motor for petrol or diesel engines. Originally 
designed for operation on compressed air, this four- 
cylinder reciprocating engine performed satisfactorily 
on pyrotechnically generated gas. Details are provided 
in a 1953 US Patent 2,637,274 to British inventors 
James Taylor, Alexander Cantlay Hutchison and Isaac 
Fagelston. The same patent illustrates the use of py- 
rotechnically generated gases to power a compressed 
air motor of the rotary blower type. The device for 
producing pyrotechnically generated gases to power 
the motor is illustrated below in cross-section. 


SS 


Ss 
: Ha m 


In the illustration, 10 is a Williams and James 4- 
cylinder reciprocating motor, to be driven by gases 
generated pyrotechnically in a strong steel tube 11 
closed by a gas-tight head 11a and having a lining 12 
of insulating material. A total mass of 15 lbs (6.8 kg) 
of pyrotechnic composition 13 was compressed in in- 
crements under high pressure. An electric igniter 15 
was composed of Black Powder and a disk of Black 
Powder-primed cambric. The gases generated upon 
ignition of pyrotechnic composition passed through a 
slag-wool filter 16 and a steel pipe 14 into the Wil- 
liams and James motor. In a test of the motor, using 
formulation 1 presented below, the motor ran for 3 
minutes and 20 seconds, developing an average brake 
horsepower of 3.3 (2.5 kW). The motor ran smoothly 
during the test and was found afterwards to be in 
good condition and free from corrosion. 


Three pyrotechnic gas-generator formulations used 
with pyrotechnic motors are presented below (Taylor, 
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1959). In addition, compositions similar to single- or 
double-base composite-rocket propellants have also 
been used. 


t 


These formulations are often forcefully compacted in 
the gas generator (e.g., at 5000 to 6000 psi, 34 to 41 
MPa). The gases produced (at 200 to 300 psi, 1.4 to 
2.1 MPa, and at about 600 °C) are filtered of particu- 
lates before they enter the motor. Various motors can 
produce from several horsepower to well over 100 
horsepower (75 kW) fora few minutes (Taylor, 1959). 


See also engine starter, pyrotechnic 

MOTOR RELOADING KIT — A kit containing propellant 
grain(s), delay charge, ejection charge and all other 
components necessary to load and fire a reloadable 
rocket motor. 


MOTOR, ROCKET — See rocket motor. 


MOTOR TUBE — See rocket motor mount (motor mount 
tube). 


MOUND BARRICADE -— See barricade (earthen barri- 
cade). 


MOUSE (fireworks) — See chaser. 
MOVEABLE SETPIECE - See setpiece. 
MOVIE SPECIAL EFFECT — See special effect. 


MPR -— Abbreviation for mid-power rocket. See high- 
power rocket (high-power rocket lite). 


MRM - Abbreviation for Model Rocketry Magazine. 


MRN — Abbreviation for the Model Rocket News. 
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MS and MSEC — Abbreviations for millisecond. 
MS CONNECTORS — See delay element. 


MSDS and MSD SHEET — Abbreviation for Material 
Safety Data Sheet. 


MSDS INDEX, SIRI — A web site that provides free 
MSDS information: www.hazard.com/msds/ 


MSHA -— Abbreviation for the US Mine Safety and 
Health Administration. 


MSL — Abbreviation for mean sea level. 


MTD — Abbreviation for maximum theoretical density. 
See density (theoretical maximum density). 


MTV FLARE — Abbreviation for Magnesium-Teflon- 
Viton flare. See flare, military (infrared flare). 


MUD CAPPING — A technique that uses a mud-covered 
explosive charge fired in external contact with a rock 
(or another item). The effect is to increase to the ex- 
plosive effect on the rock. 


MULTIBREAK AERIAL SHELL — (Also multiple-break 
shell) — Any aerial shell producing more than one dis- 
tinct break. In the past, when individual shells were 
fired more slowly, multibreak shells were often used 
for their special nature and to demonstrate the expertise 
of the shell builder. Today, a common use of multi- 
break shells is simply to produce a greater number of 
aerial shell bursts with fewer mortars. 


Cylindrical multibreak shells were formerly quite 
common; today such shells are only common in some 
regions of the world (e.g., in Malta) and at some special 
events. An example of a few large-caliber (8 and 10 in., 
200 and 250 mm) Maltese cylindrical, multibreak 
shells is shown below on the left. An example of an ex- 
ceptionally large three-break shell, 16-inch (400-mm) 
diameter, and weighing 275 pounds (125 kg), is 
shown below on the right. This shell is being trans- 
ported to its mortar on a small track-hoe at a Pyro- 
technics Guild International convention. 
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Photo credits: 
Anthony Attard (left) Tom Niesen (right) 


An example of the construction of one type of cylin- 
drical multibreak shell is illustrated below in cross 
section, without its lift charge or leader fuse. Typically, 
in the Italian tradition, these are top-fused aerial 
shells, with spolettes as the time fuse element. 


Initial 
Spolette 


Break 
Charge 


Intermediate 


; 
U 
1 


“| Spolettes 
Zit. : _Y 
VLLLL LLM LL LL) 
CALLAMA, 7: we 
Salute 


In the past, only cylindrical, multibreak shells were 
common, but today, in the US, it is common for 
multibreak shells to be made from spherical shells. A 
multibreak shell of this type may be described a pea- 
nut shell, double-bubble shell or triple-bubble shell. 
Wrapped and unwrapped views of a 3-inch (75-mm), 
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three-break aerial shell made from spherical shells 


; 


are shown below. 


In cylindrical shells, the time fuses for the second and 
succeeding breaks are typically ignited by the burning 
break charge of the preceding break. In multibreak 
aerial shells made from spherical shells, it is common 
for the time fuses of all the individual breaks to be 
ignited at the same time by the burning lift gases 
and/or by the burning shell leader fuse. The sequential 
exploding of the breaks is achieved by using increasing 
lengths of time fuse. In the photograph on the right 
above, the primed, redundant fusing can be seen pro- 
truding from the bottom edge of two of the three un- 
wrapped shells. 


conjoined shell — When two or more aerial shells 
are solidly joined together as a single unit, they might 
be described as a conjoined shell. Almost all cylin- 
drical multibreak shells, and many multibreak shells 
made from spherical shells (such as that shown above) 
are made in this way. 


piled shell — Often two or more separate and unat- 
tached aerial shells are 
simply wrapped together 
and are intended to be 
fired from a single mor- 
tar, thus constituting a 
type of multibreak aerial 
shell. Wrapped and un- 
wrapped views of a piled 
3-inch (75-mm), two- 
break, spherical aerial 
shell are shown at the 
right. 


This method of forming 

a multibreak aerial shell is more commonly used with 
relatively small-caliber spherical shells. (The above 
example uses 3-inch, 75-mm shells.) Larger-caliber 
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multibreak aerial shells may be constructed from 
spherical shells in this way, but it is more common 
for the large shells to be conjoined with support rings 
between adjacent shells). 


consumer-firework multibreak shell — Small- 
caliber multibreak shells (at least up to 4 breaks) have 
become increasingly common in recent years as con- 
sumer fireworks. An example of a 
3-break, consumer-firework aerial 
shell is shown at the right. In the 
US, the maximum reloadable con- 
sumer firework shell diameter is 
1.75 inches (44 mm). 


Often the breaks are of decreasing 
size. In such consumer-firework, 
multibreak shells, the shells are 
typically designed so that each sub- 
sequent break is ignited by a fuse 
that was ignited by the previous 
break, similar to the practice used 
in traditional cylindrical, multi- 
break shells. 


MULTI-GROUND SYSTEM — (Also matrix system) — A 
method used in electrical firing panels to allow the 
firing of a large number of electrical circuits with a 
relatively small number of switches and wires. Such a 
system uses both a series of firing lines, each with a 
switch, and a series of ground (or common) lines se- 
lected with another switch(s). Care must be taken 
with such a system that all hardware used is intended 
for a multi-ground system; for example, isolation di- 
odes are needed to prevent unintentional (i.e., simul- 
taneous) firings of multiple devices. 


MULTI-NOZZLE ROCKET MOTOR — See rocket motor, 
multi-nozzle. 


MULTIPLE-BREAK AERIAL SHELL — See muiltibreak 
aerial shell. 


MULTIPLE-EFFECT FOUNTAIN — See fountain type 
(multiple-effect fountain). 


MULTIPLE-STAGE ROCKET — See rocket, multistage. 


MULTIPLE-TUBE DEVICE (acrial) — (Also multi-tube 
device, birthday cake, cake firework, repeater or multi- 
shot) — A firework device, usually consisting of two 
or more (often many more) relatively small-diameter 
tubes that are chain fused to fire in sequence after a 
single ignition. These items discharge projectiles (e.g., 
stars, comets, whistles, shells, salutes, hummers and 
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aerial spinners) into the air. Many multiple-tube de- 
vices are constructed with the individual tubes in firm 
contact with each other and held together with some 
combination of cord, wire, glue and paper. Others are 
constructed so that each tube is firmly attached to a 
base of wood, plastic or paper. 


Consumer firework items: Many small, multiple-tube 
devices are consumer fireworks. Some small-tube de- 
vices are shown below. Because of their appearance, 
some multiple-tube devices are sometimes referred to 
as birthday cakes or simply as cakes. 


One of these devices (shown below) has been partially 
disassembled to reveal its method of chain fusing. 
The ignition fuse runs from the top of the item to just 
above the clay plug in the first of the tubes (i.e., mor- 
tars) to fire. Thereafter the fuse continues around the 
item to the other tubes. When the firework is com- 
posed of a small number of tubes that fire at intervals 
of a few seconds, visco fuse is commonly used. When 
there are more tubes and the firing is rapid, either fast 
burning vis-quick fuse or other fusing methods are 
used (see multiple-tube display type). 


Large-caliber versions of consumer-firework devices 
have become available and are commonly used in 
professional displays. Some of these devices (shown 
below) have mortars as large as 3 inches (75 mm) in 
diameter. In the US, the maximum size consumer- 
firework is constrained by limits placed on the pyro- 
technic content of any individual tube, as well as lim- 
its on the total pyrotechnic content of the device. 
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Display firework items: Although multiple-tube de- 
vices were originally almost exclusively made and 
used as consumer-firework devices, over the past few 
decades they have become extremely effective dis- 
play-firework devices. These multiple-tube items typ- 
ically contain many more tubes and often include larger 
effects than those found in consumer fireworks. Ex- 
amples of an unfired (100-shot, left) and a fired (150- 
shot, right) display-firework, multiple-tube device are 
shown below. 


ers | 
ry 


Securing methods: To be discharged safely, multiple- 
tube devices need to be secured to prevent their firing 
in dangerous directions in the event of a malfunction. 
Smaller items can simply be placed in a partially 
sand-filled pail (on the left below) or several items 
can be placed in a wooden framework (on the right 
below). For larger items, a barrier of some type can 
be used to provide additional protection. 


Photo credit: 
Steve McDanal > 
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Items of any size can be firmly secured with stakes 
and wire. In the example shown below, in addition to 
two wooden stakes driven into the ground, the box 
has been wrapped around its sides with several layers 
of strong packaging film. 


Additional protection can be gained by surrounding 
large, multiple-tube devices with light-gauge wire 
fencing. In the example shown below, in addition to 
the fencing, the device has a single wooden stake into 
the ground, and its box is wrapped with several layers 
of strong packing film. 


MULTIPLE-TUBE DISPLAY TYPE (description) — De- 
pending on the arrangement of the tubes and the fus- 
ing in multiple-tube devices, several different types 
of display patterns are now commonly produced. 
These varied display types are in addition to the more 
traditional devices that project their contents relatively 
straight up into the air, and they are frequently found 
as both consumer and display-scale devices. The ef- 
fects discharged from the many tubes include the full 
range of possibilities from simple stars and comets to 
complex devices (see insert) and small shells. 


After discussing failure modes, this entry describes 
the patterns of display produced by the most common 
of the various multiple-tube devices. Information on 
the fusing used on these devices is described in the 
entry multiple-tube display type (fusing). 
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Failure modes: One of the more common malfunctions 
of multiple-tube devices is their failure to discharge 
their contents fully. While this is not a major safety 
concern, it is frustrating and likely requires the 
transport of the live fireworks from the display site 
after the show. Such a device cannot simply be dis- 
carded in a trash container. It might cause serious 
problems if it were to fire at a later time, for example, 
when being compacted in a landfill. For this reason, it 
is important to inspect fired units carefully. Tubes 
with interiors that have not been darkened by having 
fired successfully are an indication of unfired compo- 
nents. In recent years, the frequency of this problem 
has been reduced by what might be described as in- 
surance or redundant fuse-links (also described as 
safeties). 


The greatest safety concern is when, because of a 
malfunction, some of the tubes in the device become 
re-oriented in dangerous directions and continue firing. 
Too often, the wire or other means used to secure the 
collection of tubes (not shown in the photographs be- 
low) proves insufficient to keep the many tubes in 
their proper orientation. Such re-orientation is more 
likely when the device discharges salutes or other vi- 
olently bursting fireworks. 


When using multiple-tube devices, it is recommended 
that spectator separation distances be sufficient to en- 
sure that projectiles will not reach spectators, even if 
inappropriately angled by a mortar explosion. De- 
pending on the size of the tubes in the device, this 
distance is usually between 200 and 350 feet. When 
ample separation is not practical, it is good practice to 
install a barrier (such as an empty rack of mortars) 
between the device and the spectators. 


With some of these devices, especially those with 
some tubes at substantial tilt angles (from vertical), it 
may be necessary to either remove the device from its 
shipping carton, or to cut down the sides of the carton 
so as not to interfere with the projectiles firing from 
those tubes with the greatest tilt angles. 


When using these multiple-tube devices in displays, 
it is common practice to install an additional electric 
match into the exit fusing to initiate a back burn. The 
ignition of this electric match is then timed to coin- 
cide with the time the device is intended to complete 
its performance (or shortly before that). This accom- 
plishes two useful functions. First, in re-igniting the 
device, the probability of having unfired tubes re- 
maining is greatly reduced. Second, there is greater 
assurance that the device will not continue firing long 
after the intended time of its completion. 
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V-cake — (Also V-box) — When the tubes in a multi- 
ple-tube device are ori- 
ented in two different di- 
rections (to the right and 
left as viewed by the spec- 
tators), a V-shaped display 
can be produced, similar 
to that illustrated at the 
right. 


An overhead view of such a display firework device 
is shown below. In this case, the upper and lower 10 
rows (as seen in the photograph) are angled approxi- 
mately 20 degrees to the left and right, respectively. 
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W-cake — (Also W-box) — When the tubes in a mul- 
tiple-tube device are orient- 
ed in three different direc- 
tions (to the right, left and 
straight up as viewed by the 
spectators), a somewhat W- 
shaped display can be pro- 
duced, similar to that illus- 
trated at the right. 


An overhead view of such a display firework device 
is shown below; it is not especially clear that the top 
and bottom 6 rows of tubes are angled approximately 
15 degrees to the left and right, respectively, with the 
middle 6 rows pane near vertical. 
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Z-cake — (Also Z-box or windshield-wiper cake) — 
The tubes in this type of multiple-tube device are ori- 
ented in a progressive range of angles from right and 
left as viewed by the spectators. When this device is 
properly fused, a display like that of an oscillating lawn 
water sprinkler (or hose spraying water and being 
moved repeatedly back and forth from right to left) 
can be produced. The early stages of this type of dis- 
play effect are illustrated below. 


In the first illustration (on the left), the series of shots 
(red) from the first row of tubes have been fired be- 
ginning on the right and progressing to the left with 
only a brief delay between the firings. The second il- 
lustration (on the right) continues the action with the 
shots (green) from the second row of tubes now be- 
ginning to be fired from left to right. The display con- 
tinues with firings sweeping fully back to the night 
(not shown), after which the process repeats by again 
sweeping to the left, then to the right, then left, etc. 
Below is an example showing the initial sweep of 
stars from a pair of Z-cakes. 


An overhead view of a Z-cake with its range of an- 
gled tubes is shown below. The angled tubes on the 
extremes are tilted approximately 50 degrees from 
vertical (and are well below the height of the box 
sides). 


Encyclopedic Dictionary of Pyrotechnics 


X-cake — (Also X-box) — The tubes in this type of 
multiple-tube device are oriented in a progressive 
range of angles from right to left as viewed by the 
spectators. While this is similar to the tube orientation 
of a Z-cake, its fusing is different and a display 
somewhat reminiscent of a curtain repeatedly opening 
and closing can be produced. The early stages of this 
type of display effect are illustrated below. 


In the first illustration (on the left), the series of shots 
(red) from the first row of tubes have been fired be- 
ginning in the middle and simultaneously proceeding 
to both the right and left, with only a brief delay be- 
tween individual firings. The second illustration (on 
the right) continues the action with the shots (green) 
from the second row of tubes now beginning to be 
simultaneously fired from both the right and left ends 
of the device and continuing back toward the middle. 
The display continues with firings again starting in 
the middle and sweeping back to the right and left 
(not shown), after which the process continues by 
again sweeping back to the middle, then to the ends, 
then to the middle, etc. 


An overhead view of an X-cake with its range of an- 
gled tubes is shown below. It appears similar to a Z- 
cake, but with its fusing starting and ending in the 
middle of the rows of angled tubes instead of on one 
end. The angled tubes on the extremes are tilted ap- 
proximately 25 degrees from vertical. 


fan cake — (Also fan box) — The tubes in this type of 
multiple-tube device are oriented in a progressive 
range of angles from right to left as viewed by the 
spectators. While this tube orientation is like those of 
a Z- or an X-cake, it has different fusing and a re- 
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peated series of fan-shaped firings is produced, each 
time all the tubes in one row of angled tubes firing 
near simultaneously. The firing of the first (on the 
left) and second (on the right) rows of tubes in this 
type of display are illustrated below. 


An example of the firing of stars from a pair of fan 
cakes is shown below. 


An overhead view of a fan-cake with its range of an- 
gled tubes is shown below. The angled tubes on the 
extremes are tilted approximately 20 degrees from 
vertical. 
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MULTIPLE-TUBE DISPLAY TYPE (fusing) — The fusing 
of these devices varies substantially between the var- 
ious device types and is critically important in deter- 
mining their manner of functioning. This entry pre- 
sents details of that fusing. Almost universally, as 
display fireworks, these devices are ignited by quick 
match (often with a red-colored safety cap). 


It is also common for these devices to have a second 
quick match fuse (often with a blue or green safety 
cap) that can be used for chain fusing several devices 
together. This second quick match fuse can also be 
used to produce a back burn of the device (or series 
of devices.) When the device has a second quick 
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match fuse, typically the internal fusing is just like 
that for the primary ignition fuse. In that way, if a user 
ignited the wrong quick match fuse, the box will still 
perform in much the same way. When used for a back 
burn, this method of terminal fusing also helps ensure 
the full device fires, even in the event of an internal 
fuse failure, and it aids in having all the tubes in the 
device cease firing more nearly at the same time. 


In some cases (below), when discussing the fusing of 
the various types of multiple-tube devices, it may be 
useful for readers to review the descriptions and photos 
of these devices in the entry multiple-tube display type 
(description). 
V-cake: A view of the fusing to the individual tubes 
in a V-cake is shown below. 

was: =, a + . 7 


In this photograph, A is the input quick match leader 
fuse, which carries fire to the first tube and another 
length of quick match (B) extending to both the right 
and left in the photograph. As this second length of 
quick match passes each one of the rows of tubes, it 
is perforated and some strands of black match (e.g., 
C) have been inserted through the quick match and 
into the tube behind it. In this way, all the tubes on 
this end of the rows are ignited at almost the same time. 


Once the first tubes in the first row have fired, the 
successive tubes in each row are fired in sequence by 
the chain-fused links (D) connecting them (shown be- 
low). These fuse-links are often composed of multi- 
ple strands of Chinese tissue-paper fuse held together 
with a sparse thread wrap; the fuse-links are readily 
ignited from the side. This fuse has a burn rate of ap- 
proximately 0.6 inch (15 mm) per second; other types 
of fuse may be used instead (e.g., see quick fuse). 
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The fusing within each of the 20 columns of tubes 
behind each of the tubes in the first (quick match 
fused row) is chain fused with the same type of fuse- 
links (D) shown above. 


W-cake: The internal fusing of this specific W-cake 
is the same as described (above) for the V-cake, and 
it is not repeated here. The only difference between a 
V-cake and a W-cake is that in a W-cake one third of 
the tubes in the device are aimed vertically, with the 
other two thirds aimed to the right and left as seen by 
the audience. 


Z-cake: The fusing to the tubes begins as shown below. 


When fire (i.e., ignition) is delivered by the quick 
match leader fuse (A) to the first tube in the first row 
of tubes (tubes with the greatest tilt angle), that tube 
fires. As this tube fires, a very fast-burning fuse-link 
(B) is ignited and carries fire immediately to the first 
tube in the second row of angled tubes as well. (This 
type of fuse has burn rate of roughly 1 foot (300 mm) 
per second and has sometimes been described as 
quick fuse.) The fusing along the first row of variously 
angled tubes is shown below in another view. 


As the first tube fires (A), another very fast-burning 
fuse-link (B) quickly carries fire to the second tube in 
this first row. Thereafter, a series of slower, but still 
fast, burning fuse-links (C) carries fire to each of the 
succeeding tubes in the first row. The fusing along 
the second row of tubes (which has also been ignited) 
is not visible in the photograph but is the same as that 
in the first row. In this way, the series of variously 
angled tubes in the first two rows of the device fire 
together to produce a more intense display than if only 
a single row of tubes were firing. 
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At the remote (left-most) end of the first two rows, 
very fast-burning fuse-links quickly carry fire to the 
tubes in the third and fourth rows, which are fused 
like the first two rows. Thus, these tubes fire in se- 
quence like the first two rows but sweep back in the 
opposite direction. The tubes at the extreme right end 
of the third and fourth rows are linked with very fast 
fuse-links to the first tubes in the fifth and sixth rows. 
These fuse-links (B') can be seen in the first of two 
photographs above). 


With its fusing as described above, the firing in the 
Z-cake first proceeds rapidly from right to left along the 
first two rows of tubes, then rapidly from left to right 
along the second two rows of tubes, then again from 
right to left along the third 
pair of rows of tubes, etc. 


X-cake: A view of the lead- 
er fusing to the first row of 
tubes is shown at the right. 


Here ignition is accom- 
plished when fire is deliv- 
ered via the leader fuse (A) 
and fires the central (i.e., 
vertical) tube. The firing of 
this tube ignites the rela- 
tively fast burning fuse- ES 
links to the angled tubes on both the ght and left of the 
central tube. These links are not visible because they 
are on the back side of the tubes in the photograph. 


The fusing on the left and right ends of the X-cake is 
shown below in the left and right photographs, re- 
spectively. 


When the leftmost angled tube (B) and right most an- 
gled tube (C) in the first-row fire, fuse-links (D) 
quickly carry fire to the extreme left and right end 
tubes in the second row of angled tubes. The firing 
then continues from both ends of the second row to- 
ward the central (vertical) tube of the second row be- 
cause of fuse-links connecting the tubes (not visible 
in the pair of in the photographs) in the second row of 
tubes. Once the firing has reached the center of the 
second row, a fuse-link then carries fire to the center 
tube of the third row, which again has fuse-links con- 
necting the tubes to the left and right in this third row 
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of tubes. At the extreme ends of the third row, anoth- 
er pair of fuse-links (D') carries fire to the extreme 
left and right end tubes in the fourth row to continue 
the process. 


The long, red, paper-wrapped fuse-link (E) on the 
right side of the X-cake is what might be described as 
an ‘insurance’ link. Its purpose is to help ensure the 
complete firing of the cake should one of the other 
fast burning fuse-links fail. 


Fan cake: A view of the 
fusing to the first row of 
tubes is shown at the right. 


Ignition occurs by means of 
fire delivered via the leader 
fuse (A) and fires the tube 
(B) on the extreme right of 
the first angled row of 
tubes. At the same time, a 
length of quick match (C) 
is ignited, which proceeds to carry fire to the entire 
first row of tubes. The near simultaneous firing of the 
tubes in this first row is accomplished by short 
lengths of black match (D) through the quick match 
and into each of the tubes in the first row. 


The fusing on the left and right ends of the fan-cake 
is shown below in the left and right photographs, re- 
spectively. 


As the first row of angled tubes fire, including the 
two tubes at the extreme right and left end of the first 
row (B and E, respectively), the relatively slow burn- 
ing fuse-link (F) carries fire to the second row of 
tubes, all of which again fire simultaneously as the 
result of being fused with quick match just as the first 
row of tubes were (not visible in the photographs). 


Also ignited as the first row of tubes fire is the longer 
slow-burning fuse-link (H). This and other long, red, 
paper-wrapped fuse-links on the right side of the fan 
cake are what might be described as insurance links. 
Their purpose is to help ensure the complete firing of 
the cake should one of the other fast burning fuse- 
links fail. 


Once the second row of tubes has fired, the fuse-link 
(G) ignites to carry fire to the third row of tubes, its 
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firing ignites the fuse-link (F') that ignites to carry 
fire to the fourth row of tubes. This same general 
process continues until all the rows of angled tubes 
have fired. 


MULTIPLE-TUBE FOUNTAIN — See fountain type. 


MULTIPROPELLANT — A rocket propellant that con- 
sists of two or more substances fed separately into the 
combustion chamber. See bipropellant. 


MULTI-SHOT BATTERY, MULTI-SHOTS and MULTI- 
TUBE DEVICE — See muiltiple-tube device. 


MULTISTAGE ROCKET — See rocket, multistage. 


MUNITION — (Also ordnance) — Military material, such 
as combat weapons ofall kinds along with ammunition 
and necessary equipment for their use. The legal def- 
inition may be much broader with respect to what is 
considered a munition (i.e., a destructive device). 


MUNITION, INSENSITIVE — (Abbreviated IM) — A 
munition composed of explosives or propellants that 
are relatively safe from ignition or initiation due to 
mechanical shock or fire. 


MUNROE EFFECT -— (Also Neumann effect or Mun- 
roe-Neumann effect) — Discovered in 1888 by Amer- 
ican chemist Charles Edward Munroe (1849-1938), a 
leader in the development of both explosives and ex- 
plosives science. Munroe found that if a simple cavity 
or indentation is made in a mass of high explosive, 
which is then detonated, the material in direct contact 
with the explosive at the point of the cavity or inden- 
tation will experience an added explosive effect. This 
seems counter intuitive, in that it is the local absence 
of explosive that has produced an enhanced effect. It 
is now understood that the added output is the result 
of a focusing of the explosive energy as the result of 
colliding shock waves. 


As a result of this effect, when the material in contact 
with the explosive is one that will undergo plastic de- 
formation in response to the detonating explosive, its 
surface will be more greatly deformed at the point of 
the cavity or indentation in the explosive and that de- 
formity will mirror the shape and contour of the sur- 
face of the explosive. An attractive example of the 
Monroe effect is shown below at the right. This rep- 
resentation of a leaf in three dimensions was pro- 
duced by simply placing the leaf tightly between a 
sheet of high explosive and a mild steel plate, and 
then detonating the explosive. 
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This same effect was ap- 
parently discovered in- 
dependently by German 
scientist Egon Neumann 
in 1910 and led more di- 
rectly to practical appli- 
cations in metal penetra- 
tion using explosives in 
the form of shaped 
charges. The penetration ability of shaped charges is 
enhanced by making the cavity in the explosive coni- 
cal in shape, lining the cavity with a layer of dense 
metal and initiating the explosive uniformly on the 
surface of the explosive opposite the cavity. 


MURIATE — A historical term for the chloride ion [CI]. 


MURTAL TAL-BERAQ BIL-LOGHOB and MURTAL 
TAL-KULUR BIC-CRIEKI—See Maltese firework term. 


MUSKET POWDER -— See Black Powder grade (histor- 
ical military grade). 


MUSKET SERPENTINE — See serpentine. 


MUZZLE — The open end of a gun or firework mortar 
from which the projectile exits. 


MUZZLE BLAST — The sudden air pressure exerted in 
the vicinity of the muzzle of a gun or firework mortar 
caused by the rush of exiting hot gases and air upon 
firing. 


MUZZLE BREAK — (Also muzzle burst) — A malfunc- 
tioning aerial shell that explodes just as it leaves the 
mortar, scattering high-velocity burning stars and 
other material in various directions near ground level. 
It may appear somewhat like the following illustration. 


Perhaps a 
Somewhat 
Spherical 
Star Pattern 


I 


The appearance of a muzzle break varies widely, de- 
pending on the type of shell, the strength of its burst 
and its upward velocity. It may appear like a flower- 
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pot (especially when it breaks relatively weakly and 
has a substantial muzzle velocity). In other cases, es- 
pecially for large-caliber, spherical shells, the burst 
can be roughly spherical, as in the above illustration. 


MUZZLE FLASH — The bright-light emission generated 
at the exit of a gun barrel caused by the escape of 
burning combustion gas as the projectile exits. This 
may also be the light produced as a result of the ignition 
of incompletely-combusted propellant gas as it es- 
capes from the gun barrel and burns in the surrounding 
air. See after burning. 


muzzle flash suppressant — Chemicals used to in- 
hibit or retard the ignition of the exhausted gas from a 
gun barrel. Typical muzzle flash suppressants are po- 
tassium sulfate, potassium nitrate and nitroguanidine. 


MUZZLE VELOCITY — (Also initial velocity) — The ve- 
locity with which a projectile leaves the tube from 
which it was propelled (1.e., fired). 


In fireworks: Muzzle velocity almost always applies to 
the firing of aerial shells and is one of the input pa- 
rameters needed in per- 
forming external ballis- 
tic modeling calcula- 
tions. The apparatus for 
one method used to 
measure muzzle velocity 
is shown at the right. In 
this case, a mortar 
(black) is being securely 
held at an angle tilted 
from vertical. Above the 
mortar is a pair of large 
diameter electrical coils 
that are attached to the 
red side rails. If the test 
aerial shell contains a 
permanent magnet, it 
will produce an electri- 
cal signal in each of the 
coils as the shell passes 
through them. If the coil 
signals are recorded 
with a digital storage os- 
cilloscope, the time for 
the shell to travel be- © 
tween the coils can be measured. 


An example of the coil signals is presented below, 
where the blue trace is from the lower coil and the 
pink trace is from the upper coil. The times when 
these traces cross through the zero-voltage axis (or- 
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ange arrows) correspond to the moment when the 
shell reached the center of that coil. By reading the 
time difference (At) between the two crossing times 
from the oscilloscope and knowing the distance be- 
tween the two coils, the speed of the aerial shell can 
be calculated. 


Coil Voltage 


Time 


While this method works well, it has the disad- 
vantage of requiring a magnet in the shell. The magnet 
can be attached to the exterior of the shell; if the shell 
rotates to any extent while passing between the two 
coils (as it almost certainly will), the calculated speed 
will be in error to that extent. An alternate method can 
be used that avoids the need for a magnet and coils. In 
this method, the time for the shell to pass predeter- 
mined points above the mortar can be determined using 
two or more trip-wires (or screens). These are placed 
in the path of the shell and are broken as the shell 
passes. Using a recording instrument, the time when 
each trip-wire is broken can be determined. The speed 
of the aerial shell can be calculated from these times 
and the distance between the trip-wires. A shell firing 
using this method is shown farther below (left). 


The mortar with rails used to support the trip-wires is 
shown farther below on the right with pieces of blue 
tape marking the positions where the trip-wires are 
attached. The instrument used to fire the shell and 
record the times (to 0.0001 second) of the wires 
breaking is shown at the bottom right. 


Muzzle velocities of typical firework aerial shells are 
in the range from 250 to 400 feet per second (75 to 
120 m/s). Contrary to what might be expected, there 
is not a systematic trend as a function of shell size. 
The increased momentum resulting from the in- 
creased mass of large caliber shells, not an increase 
in muzzle velocity, causes large shells to reach greater 
heights. 
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mV — Symbol for millivolt. 


MYLAR™ -— A high-strength, lightweight, plastic sheet 
sometimes used for making parachutes and streamers 
for model rockets. It also has been used for making 
brightly colored reflective streamers and confetti for 
use in confetti or streamer cannons. Some caution is 
warranted in its use; Mylar is not biodegradable, it 
has the potential for personal injury (e.g., when small 
pieces find their way into eyes or are inhaled), and, if 
it has been aluminized to give it a shiny, metallic ap- 
pearance, it can produce dangerous electrical dis- 
charges if it comes in contact with power lines. 


MYSTIC MAGIC ARCHING TRANSFORMATION SHELL 
— See aerial shell name and description (specific). 
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n — Symbol for the unit prefix nano- corresponding to 
one-billionth (10°). 


N-— The symbol for: newton (an SI unit of force); loud- 
ness and normality, and the chemical element nitrogen. 


NA — (Also n.a. or n/a) — Abbreviation for not available 
or not applicable. 


Na — Symbol for the chemical element sodium. 


Na-CMC -— Abbreviation for sodium carboxymethyl- 
cellulose. 


NAIL BOARD - See firing unit, electric (probe firing 
unit). 


NAKED MATCH - See black match. 


NAME AND DESCRIPTION FOR AERIAL SHELL — See 
aerial shell name and description (general) and (spe- 
cific). 


NAME AND DESCRIPTION FOR AMATEUR ROCKET — 
See amateur rocket. 


NAME AND DESCRIPTION FOR FIREWORK — See 
firework name and description (general). 


NAME, INORGANIC CHEMICAL — See chemical name, 
inorganic. 


NAME, ORGANIC CHEMICAL — See chemical name, 
organic. 


NANO- — (Symbol: n) — A prefix meaning one-billionth 
(10°). Nano is also used as an adjective meaning 
very small, as in nano-materials. When correctly used 
in this regard, nano-materials are those in which 50% 
or more of the particles in the size distribution have 
one or more external dimensions that range from 
1 nm to 100 nm. (1.e., 0.001 to 0.1 micrometers). 


NANOMETER -— (Symbol: nm) — An SI unit of length 
corresponding to one-billionth (10°) of a meter. In 
older literature, a nanometer may be described as a 
millimicron. The wavelength of light is commonly 
expressed in nanometers. 


To Obtain 


Multiply @ By 
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a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


NANOPARTICLE — A particle having at least one dimen- 
sion less than 0.1 micrometer (0.1 micron or 100 nm) 
in size. 


In pyrotechnics: Components of pyrotechnic compo- 
sitions in the form of nanoparticles are extremely re- 
active, and common fuel nanoparticles may even be 
pyrophoric. Particle size is one of the most important 
factors affecting burn rate. 


In industrial hygiene: The hazards of many types of 
nanoparticles have not been studied. From limited data, 
there is evidence that nanoparticles of a substance 
may have hazards quite different from those of larger 
particles of the same substance. In most cases, these 
hazards are significantly greater. Some nanoparticles 
appear to be able to penetrate the skin and nasal mu- 
cosa/sinuses, enter the bloodstream through the lung’s 
alveoli and easily pass through the membrane barriers 
of the brain, placenta and other organs. 


NANOPARTICLE DUST — See dust. 


NAP BOMB (special effect) — A device producing a 
flame effect, consisting of a Black Powder bomb sur- 
rounded by naphthalene flakes as illustrated below in 
cross section. Typically, an additional, small amount 
of Black Powder is added to the naphthalene flakes to 
aid in their ignition. 

Naphthalene 

Flakes 


Black Powder 
Bomb 


Igniter Wires 


A nap bomb produces an effect similar to a gas mine, 
but its fireball is of significantly shorter duration and 
the amount of black smoke may be greater. When a 
nap bomb is discharged within a mortar, it may be 
described as a nap mine. 


NAPHTHACENE — [CisHi2] — {CAS 92-24-0} — (Also 
2,3-benzanthracene or tetracene) 


Naphthacene is a fuel used in small-arms primers. It 
is a component of coal tar. Naphthacene is deep or- 
ange as crystals and orange as powder. 
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Structural formula: 
(see benzene ring) 


Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV: none established. 


UN hazard classification: not regulated. 


NAPHTHALENE — [CoH] — {CAS 91-20-3} — (Also tar 
camphor or white tar) 


Naphthalene is a pyrotechnic fuel used in some black 
smoke compositions. It is occasionally added to the 
liquid fuel in special effect gas mines. Naphthalene is 
colorless as crystals, white as a powder and has with 
a strong coal-tar odor. 


Structural formula: 
(see benzene ring) 


(s) = slowly sublimes at room temperature. 
a) Code for reference source, see preface. 


Health Information: TLV: 10 parts per million (ACGIH 
is proposing to drop it to 2 ppm); absorbs through the 
skin. IARC-2B: possibly carcinogenic to humans, 
NTP-R and MAK-2 carcinogen. 


UN hazard classification: PSN: naphthalene, refined; 
HC: 4.1 — flammable solid (UN1334). 


NAPHTHANTHRONE — See benzanthrone. 
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NAPIERIAN LOGARITHM — See natural log. 
NAP MINE (special effect) — See nap bomb. 


NAR — Abbreviation for the National Association of 
Rocketry. 


NARAM - Abbreviation for the National Association of 
Rocketry Annual Meet, including the NAR’s champi- 
onship competition that is held annually in August. 


NARCON - Acronym for the National Association of 
Rocketry Annual Convention. An annual event sanc- 
tioned by the NAR that is oriented towards non-com- 
petitive (i.e., sport) model and high-power rocketry. It 
is held annually in March, approximately midway be- 
tween the annual competitions (NARAMs). The con- 
vention includes seminars, technical presentations and 
sport flying. 


NARTS -— Abbreviation for National Association of 
Rocketry Technical Services. 


NASA -— Abbreviation, in the US, for National Aero- 
nautics and Space Administration. 


NATIONAL AERONAUTICS AND SPACE ADMIN- 
ISTRATION (US) — (Abbreviated NASA) — An inde- 
pendent agency of the US Federal Government re- 
sponsible for the US civilian space program and for 
research into aeronautics and aerospace technologies. 
President Dwight D. Eisenhower established the or- 
ganization in 1958. NASA grew out of the National 
Advisory Committee on Aeronautics (NACA), which 
had been researching flight technology for more than 
40 years. NASA presently has groups covering aero- 
nautics, exploration systems, and science and space 
operations. For more information see: www.nasa.gov. 


NATIONAL ASSOCIATION OF ROCKETRY — (Abbre- 
viated NAR) — A US association of model and high- 
power rocket enthusiasts. The NAR promotes rocketry 
related sport flying, competitions and education. For 
more information see: www.nat.org. 


NATIONAL ASSOCIATION OF ROCKETRY TECH- 
NICAL SERVICES — (Abbreviated NARTS) — A ser- 
vice provided by the National Association of Rocketry 
for both members and non-members. They distribute 
rocket plans, technical reports and other items of in- 
terest to rocketry enthusiasts. For more information 
see: www.nar.org/NARTS. 
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NATIONAL BUREAU OF STANDARDS — (Abbreviated 
NBS) — See National Institute of Standards and 
Technology. 


NATIONAL COUNCIL ON FIREWORKS SAFETY — 
(Abbreviated NCFS) — A US organization promoting 
the safe use of consumer fireworks. For more infor- 
mation see: www.fireworksafety.com 


NATIONAL ELECTRICAL CODE (US) — (Abbreviated 
NEC) — (Also NFPA 70) — A code developed by the 
National Fire Protection Association (NFPA) in the 
US, covering all aspects of electrical wiring and the 
associated requirements for electrical safety. It has 
the force of law in those jurisdictions where it is in- 
voked. For more information see: www.nfpa.org or 
www.necplus.org. 


NATIONAL EXPERIMENTAL ROCKET LAUNCH — 
(Abbreviated NXRL) — (Also BALLS) — An annual 
US rocket launch sponsored by Tripoli Rocketry As- 
sociation that launches very large, high-power rockets 
(K motors and above). It was an outgrowth of Fire- 
balls (an experimental rocketry launch, first hosted in 
1991 by Aero-Pac). At NXRL, no commercial motors 
below K power are permitted and research motors (of 
any size) are allowed as long as they conform to the 
Tripoli Research Safety Code. 


NATIONAL FIRE CODE (Canada) — (Abbreviated NFC) 
— A Canadian National Model Code that sets out tech- 
nical provisions regulating activities related to the con- 
struction, use or demolition of buildings and facilities. 
For more information see: www.nationalcodes.ca 


NATIONAL FIRE PROTECTION ASSOCIATION — 
(Abbreviated NFPA)— A US association of individuals 
having an interest in fire prevention, many of whom 
serve on technical committees writing codes and 
standards with the goal of safety and fire protection. 
The NFPA is not a government agency and has no en- 
forcement power, but many of its codes and standards 
are invoked in many jurisdictions and then have the 
force of law. For more information see: www.nfpa.org 


The following NFPA codes and standards are of inter- 
est to pyrotechnics. These standards provide infor- 
mation and procedures that help ensure safety and pre- 
vent the loss of life and property. The codes are peri- 
odically revised by technical committees consisting of 
experts from industry and fire prevention communities. 


NFPA 15 Standard for Water Spray Fixed Sys- 
tems for Fire Protection — The NFPA standard that 
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covers the design, installation, maintenance and test 
requirements for water spray fixed systems for fire 
protection. 


NFPA 69 Standard on Explosion Prevention 
Systems — The NFPA standard covering the design, 
construction, operation, maintenance and testing of 
systems for the prevention of deflagration explosions. 


NEPA 70 National Electrical Code. 


NFPA 160 Standard for the Use of Flame Ef- 
fects Before an Audience — The NFPA standard 
providing minimum requirements for the protection of 
the audience, support personnel, performers, operators, 
assistants and property where flame effects are used. 


NFPA 495 Explosive Materials Code—The NFPA 
code that provides reasonable safety in the manufac- 
ture, storage, transportation and use of explosive ma- 
terials except as provided for in other NFPA codes 
and standards. 


NFPA 1122 Code for Model Rocketry — The 
NFPA code that defines model rocketry and establishes 
minimum requirements for the use of model rockets. 


NFPA 1123 Code for Fireworks Display — The 
NFPA code that applies to the construction, handling 
and use of fireworks and equipment intended for out- 
door firework displays and to the operation of those 
displays. 


NFPA 1124 Code for the Manufacture, Trans- 
portation, Storage, and Retail sales of Fire- 
works and Pyrotechnic Articles — The NFPA 
code that establishes minimum fire and life-safety re- 
quirements for the manufacture, transportation and 
storage of fireworks, pyrotechnic articles and compo- 
nent(s) containing pyrotechnic compositions. It also 
contains requirements for retail sales locations for 
consumer fireworks. 


NFPA 1125 Code for the Manufacture of Model 
Rocket and High-Power Rocket Motors — The 
NFPA code that establishes minimum fire and life- 
safety requirements for the manufacture of model and 
high-power rocket motors. 


NFPA 1126 Standard for the Use of Pyrotech- 
nics before a Proximate Audience — The NFPA 
standard that provides minimum requirements for the 
protection of property, operators, performers, support 
personnel and the viewing audience where pyrotech- 
nic effects are used indoors or outdoors at proximate 
audience distances. 
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NFPA 1127 Code for High Power Rocketry — 
The NFPA code that defines high-power rocketry and 
establishes minimum requirements for the use of 
high-power rockets. 


NATIONAL FIREWORKS ASSOCIATION — (Abbrevi- 
ated NFA) — A US trade association of firework 
manufacturers, importers, wholesalers and retailers 
promoting fireworks. For more information see: 
www.nationalfireworks.org. 


NATIONAL INSTITUTE OF OCCUPATIONAL SAFETY 
AND HEALTH — (Abbreviated NIOSH) — A US gov- 
ernment agency that tracks workplace injuries and fa- 
talities, researches them, and recommends various 
safety and training standards to reduce risks in the 
workplace. For more information see: 
www.cdce.gov/niosh 


NATIONAL INSTITUTE OF STANDARDS AND TECH- 
NOLOGY — (Abbreviated NIST) — The largest central 
resource for government-funded scientific, technical, 
engineering and business-related information availa- 
ble today in the US. NIST is an outgrowth of its pre- 
decessor organization, the National Bureau of Stand- 
ards. NIST Laboratories conduct research in a wide 
variety of physical and engineering sciences. The labs 
respond to industry needs for measurement methods, 
tools, data and technology. For more information see: 
WWW.nist.gov. 


NATIONAL SAFETY COUNCIL — (Abbreviated NSC) — 
A non-profit (US) organization with the goal to edu- 
cate and influence people to prevent accidental injury 
and death at work, on the roads and in homes and com- 
munities. For more information see: www.nsc.org 


NATIONAL SPORT LAUNCH — (Abbreviated NSL) — 
An annual (held in May) US sport rocketry event that 
is sanctioned by the National Association of Rocketry. 


NATIONAL TECHNICAL INFORMATION SERVICE — 
(Abbreviated NTIS) — An agency of the US Depart- 
ment of Commerce that maintains and supplies tech- 
nical publications. It is a resource for accessing the 
latest research sponsored by the US and select for- 
eign governments. For more information see: 
www.ntis.gov 


NATIONAL TOXICOLOGY PROGRAM — (Abbreviated 
NTP) — In the US, a program that directs and funds 
research on chemical toxicology. Its budget is limited 
to voluntary allocations from other agencies including 
the National Institute for Occupational Safety and 
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Health (NIOSH). A large portion of NTP’s budget is 
directed to fulfill a 1978 Congressional mandate to 
provide a biennial Report on Carcinogens. 


After reviewing the results of studies and existing data, 
NTP may assign one of two cancer ratings: K, Known 
to Be a Human Carcinogen or R, Reasonably Antici- 
pated to Be a Human Carcinogen. The NTP’s cancer 
ratings are required to be listed by manufacturers on 
their material safety data sheets. 


NATURAL BARRICADE — See barricade. 


NATURAL LOG -— (Also natural logarithm or Napierian 
logarithm) — The natural logarithm of a number or a 
function is the power to which the number ‘e’ must 
be raised to give the value of that number or function. 
The number ‘e’ is approximately equal to 2.7182818. 
Commonly, the term In is used, or sometimes loge, to 
indicate a logarithm is based on ‘e’, while logio refers 
to a logarithm based on the number 10. Thus, if x = 
e”, then /n(x) =y. 


NAUGHTY DOG — See Sooner Dog. 


NAUTICAL FIREWORK and NAUTICAL SHELL — See 
water firework (water shell). 


NAVIGABLE WATERWAY — That part of a stream, 
channel or canal capable of being used as routes of 
commerce over which trade and travel are or may be 
conducted. In the US, the Coast Guard has authority 
over navigable waterways and is the authority having 
jurisdiction for permitting firework displays. 


NBS — Abbreviation for National Bureau of Standards. 
See National Institute of Standards and Technology. 


NC and NC LACQUER — Abbreviation for nitrocellu- 
lose and nitrocellulose lacquer. 


NCFS — Abbreviation for National Council on Fire- 
works Safety. 


NCN — Abbreviation for nitro-carbon nitrate. 


NCNM - An abbreviation for non-corrosive non- 
mercuric, a designation for small-arms primer com- 
positions introduced in the early to mid-20™ century. 
These compositions are made without potassium chlo- 
rate or mercury fulminate, because the chemical reac- 
tion products of these ingredients corroded gun barrels 
and embrittled brass shell casings. 


Encyclopedic Dictionary of Pyrotechnics 


NEC — Abbreviation for: National Electrical Code and 
net explosives content (see net explosive quantity). 


NECROSIS (industrial hygiene) — The localized death 
of tissue. An example would be tissues deprived of 
blood supply such might happen to a limb as a result 
of penetrating fragments produced in an explosion. 


NEGATIVE EXPLOSIVE — A term introduced by Japa- 
nese pyrotechnist Takeo Shimizu (1912-2011) to de- 
scribe pyrotechnic mixtures that consist of a reactive 
metal fuel (typically magnesium) and an oxidizing 
agent that would not normally be considered as such. 
Examples of unusual oxidizing agents include inor- 
ganic sulfates, carbonates, phosphates and silicates. 
They differ from conventional pyrotechnic oxidizers 
(inorganic nitrates, chlorates and perchlorates) in 
having much more highly negative enthalpies of for- 
mation, as presented in the following table for some 
potassium salts: 


Enthalpy of 
Formation 
Compound (kJ/mol) ¢) 


Potassium chlorate [KCIOs] 398 


Potassium phosphate [K;PO.] 


a) By convention, negative enthalpies are the result of re- 
actions that are exothermic (i.e., heat producing). Thus, 
the formation of these compounds from their elements 
is associated with the release of heat. The stability of a 
compound can be inferred from the enthalpy of for- 
mation — a large negative enthalpy indicates a highly 
stable compound. 


The carbonate, oxalate, sulfate and phosphate ions are 
rich in oxygen, but they are too stable to act as pyro- 
technic oxidizers for fuels such as carbon and common 
organic fuels. For example, the release of oxygen 
from potassium sulfate [K2SO,] can be written as: 


K2SO4 > Ko2S + 2 Op 


The enthalpy of formation of potassium sulfide [K2S] 
is — 376 kJ/mol, and that of oxygen [O2] is 0 kJ/mol. 
The decomposition of potassium sulfate to release 
two moles of oxygen therefore requires 1062 kJ 
(1438 kJ —376 kJ) for each mole of potassium sul- 
fate. Carbon burns in oxygen to form carbon dioxide 
[CO2]. The enthalpy of formation of carbon dioxide 
is — 394 kJ/mol, which means that burning carbon re- 
leases 394 kJ for each mole of oxygen consumed. 
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The energy released by the carbon consumed by the 
two moles of oxygen released from a mole of potas- 
sium sulfate is 788 kJ (2 x — 394 kJ/mol), which is 
less than the energy needed to decompose the potas- 
sium sulfate to produce those two moles of oxygen. 


In contrast, for a fuel such as magnesium, the enthalpy 
of formation of magnesium oxide [MgO] is — 602 
kJ/mol, and so the burning of magnesium [Mg] in 
oxygen releases 1204 kJ for each mole of oxygen 
consumed. Thus, the energy released by magnesium 
burning in the two moles of oxygen from a mole of 
potassium sulfate is 2408 kJ. This is sufficient to de- 
compose the potassium sulfate, with 1346 kJ left over. 
The reaction with magnesium and potassium sulfate is 
highly exothermic and is an example of a negative 
explosive. 


The ability of magnesium and some other metals (no- 
tably aluminum) to form pyrotechnic mixtures with 
materials normally considered to be essentially inert 
has been known for a long time. Such oxidizers can 
have safety advantages over conventional pyrotechnic 
oxidizers. For example, an explosive mixture suitable 
as a replacement for aluminum-potassium perchlorate 
flash powder in explosive, sound-producing units for 
fireworks is presented below. 


Parts by 
Ingredient Weight 


ium sulfate (anhydrous)} 40 | 


This composition can be granulated by adding a 10% 
solution of nitrocellulose in amyl acetate, passing the 
wet mixture through a coarse sieve and then allowing 
it to dry. 


The reaction of magnesium sulfate [MgSO,] and 
magnesium [Mg] produces magnesium sulfide [MgS] 
and magnesium oxide [MgO]: 


MgSO, + 4Mg > MgS + 4MgO 


The energy released in this reaction can be calculated 
from the enthalpies of formation of the reactants and 
products: 


MgSO, — 1285 kJ/mol 
Mg 0 kJ/mol 
Megs — 346 kJ/mol 
MgO 602 kJ/mol 
AHr = (— 346 + 4(— 602)) — (— 1285 + 4(0)) kJ/mol 
=— 1469 kJ/mol. 


This corresponds to an energy release of 6.75 kJ/g. For 
comparison, the energy released by a conventional 
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flash powder (in the stoichiometric ratio of 66% po- 
tassium perchlorate and 34% aluminum) is 10.7 kJ/g. 


The magnesium sulfate/magnesium composition is 
quite effective in noise-making units for firework 
shells and is much less sensitive to accidental ignition 
during manufacture than conventional flash powder. 
Its main disadvantage is its tendency to absorb mois- 
ture from the air, which requires that it be used in 
moisture-proof cases. Another disadvantage is the 
need to use at least twice as much composition for 
the same noise effect. 


NEGATIVE PHASE -— A pressure excursion below at- 
mospheric pressure occurring in an air-blast wave. In 
an explosion, the negative phase follows the positive 
phase of the blast wave. (See blast wave, air for its 
general appearance.) 


NEQ -— Abbreviation for net explosive quantity or net 
equivalent quantity. 


NESSLER’S REAGENT — A solution used in a sensitive 
spot test for the presence of ammonium ions. Ness- 
ler’s reagent is available commercially; it can also be 
prepared as follows: 


e Dissolve 5 grams of potassium iodide in 5 mL of dis- 
tilled water in a 250-mL flask. 


e Add saturated mercury(II) chloride solution (6 g dis- 
solved in 100 mL of distilled water) slowly with agita- 
tion until a slight permanent precipitate forms. 


e Add 40 mL 9 M potassium hydroxide [KOH] solu- 
tion (21.1 g of potassium hydroxide dissolved in 40 
mL of distilled water). 


e Add sufficient water bring the final volume to ap- 
proximately 100 mL. 


e Stopper the flask and allow it to stand overnight. 


e Decant the clear liquid, which is Nessler’s reagent, 
and store it in a tightly stoppered glass bottle. 


NET EQUIVALENT QUANTITY — (Abbreviated NEQ) — 
The strength of a quantity of explosive when com- 
pared to a standard explosive such as TNT. (See high 
explosive equivalence.) 


NET EXPLOSIVE QUANTITY and NET EXPLOSIVE 
WEIGHT — (Abbreviated NEQ and NEW) — The 
quantity (i.e., mass or weight) of the explosive sub- 
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stance present in, for example, an explosive device or 
building. As such, it does not include inert or sub- 
stantially inert materials or components of the device 
or contained in the building. It also does not include 
such flammable or other substances that are con- 
tained within the device or building that is not an in- 
tegral part or component of the explosive charge. 


In fireworks: An example of a flammable component 
that is not considered in the NEQ is the liquid fuel in 
a lampare firework aerial shell; that is not to say that 
the liquid fuel does not substantially add to the poten- 
tial hazard of the device. 


Often the net explosive weight of fireworks is not 
known for each individual item in storage. Limits and 
restrictions are imposed based in the net explosive 
weight of fireworks in storage. In the absence of the 
actual known explosive weights, in the US, it is 
commonly accepted to assume that net explosive 
weights are one-half the gross weight of Roman can- 
dles, multiple-tube devices and display fireworks and 
one-quarter the gross weight of consumer fireworks. 


NETHERLANDS ORGANIZATION FOR APPLIED RE- 
SEARCH -— (Abbreviated TNO) — An independent, 
not-for-profit, research facility in the Netherlands. One 
department deals with energetic materials, including 
pyrotechnics. For more information see: www.tno.nl 
and search for pyrotechnics. 


NEUMANN EFFECT — See Munroe effect. 


NEUTRAL (charge) — An entity with neither a net posi- 
tive nor a net negative electrical charge. Occasionally, 
for clarity, a neutral atom may be indicated with a 
small superscript zero (e.g., S° and Fe® are neutral 
sulfur and iron atoms, respectively). 


In_an electrical system: The side of an AC power line 
that is connected to earth ground is neutral. 


NEUTRAL (chemistry) — Describes a solution in which 
hydroxide ions [OH ] are in balance with hydronium 
ions [H30’]. A neutral aqueous solution has a pH of 7. 
See neutralization (chemistry). 


NEUTRAL BURNING PROPELLANT AND GRAIN — See 
propellant burning, type of. 


NEUTRALIZATION (chemistry) — The process of ad- 
justing the concentrations of hydronium ions [H;0°] 
and hydroxide ions [OH] in a water-based (i.e., 
aqueous) system so that the concentrations of the two 
types of ions are equal. 


Encyclopedic Dictionary of Pyrotechnics 


Water molecules dissociate to some extent to produce 
hydronium and hydroxide ions: 


2H.O0 €> H;30° + OH 


The equilibrium concentrations of the two ions are 
always such that the numerical product of the two con- 
centrations equals 10-'* moles per liter. For example, 
in pure water, the concentration of both ions [H30° 
and OH ] is equal at 10-’ moles per liter. If the con- 
centration of hydronium ions is 1 mole per liter (as it 
might be in a dilute solution of hydrochloric acid) the 
concentration of hydroxide ions must then be 10°'* 
moles per liter. If the concentration of hydroxide ions 
is | mole per liter (as in a solution of 4% sodium hy- 
droxide [NaOH]), the concentration of hydronium 
ions must be 10'* moles per liter. 


The concentration of hydronium ions [H30"] is con- 
veniently expressed as pH, where pH is the negative 
of the logarithm to base 10 of the concentration of 
hydronium ions in moles per liter: 


pH =— logio[H30"] 


For example, the concentration of hydronium ions in 
pure water is 10-’ moles per liter, so the pH of pure 
water is 7 (neutral, neither acidic nor basic). In prac- 
tical terms, neutralization is the process of adding an 
appropriate acid or base to bring an aqueous solution 
to a pH of 7. 


acid neutralizer — A chemical added to a pyrotech- 
nic composition in small percentages (~ 1%) to pre- 
vent the development of acidic conditions. This is es- 
pecially important when acidic conditions can lead to 
increased sensitiveness to accidental ignition (or 
spontaneous ignition) of a pyrotechnic composition. 
Typically, this is the result when some ingredient in 
the composition tends to produce acidic conditions 
(e.g., sulfur or red phosphorus), and other ingredients 
are unstable (e.g., potassium chlorate) or are reactive 
(e.g., magnesium) under acidic conditions. 


Carbonates (e.g., barium carbonate and calcium car- 
bonate) are commonly used as acid neutralizers in 
pyrotechnic compositions. They react under acidic 
conditions to produce carbon dioxide and water: 


2 H*(aq) + CO3(s) > COxg) + HO) 


Armstrong’s mixture (primarily composed of potassi- 
um chlorate and red phosphorus) will contain a small 
percentage of calcium carbonate as an acid neutral- 
izer when it is used to make toy caps. 


neutralization reaction — The reaction between an 
acid and a base in general, but sometimes implying 
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that it reaches a final state in which the pH is near 7. 
Because the acid or base may initially be present in 
any quantity and because either may be strong or 
weak, the result may or may not be a neutral solution. 


NEUTRON — One of the two types of elementary parti- 
cles (i.e., nucleons) in the nucleus an atom. The other 
type is a proton. Unlike a proton, which has a positive 
electrical charge, a neutron has no electric charge. 
The mass of the neutron is 1.675 x 104 g, which is 
slightly greater than that of a proton but 1,839 times 
the mass of an electron. 


NEW -— Abbreviation for net explosive weight. See net 
explosive quantity. 


NEWSBOARD - A type of paperboard made from re- 
claimed newspapers. It is similar to chipboard but is 
more uniform and of higher quality. It is often used 
as a core for product boxes after having one or both 
faces covered with a higher quality paper. 


NEWTON — (Symbol: N) — The derived SI unit of force. 
It was named after Isaac Newton (1643-1728), an 
English physicist, mathematician, astronomer, natural 
philosopher and alchemist. One newton is that force 
required to accelerate a mass of one kilogram at a 
rate of one meter per second squared. 


Multiply © To Obtain 


“| newton 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


NEWTONIAN FLUID — A substance for which the rate of 
flow is proportional to the applied shear stress, where 
the constant of proportionality is viscosity. This in- 
cludes most fluids (e.g., water, acetone and air). Con- 
versely, for non-Newtonian fluids, there is no linear re- 
lationship between flow and stress (i.e., their viscosity 
is a function sheer rate). Those fluids for which viscos- 
ity decreases with sheer rate (such as when the fluid is 
being agitated) are described as being thixotropic. 


In pyrotechnics: Some binder solutions tend to have 
thixotropic characteristics, which tend to provide 
them with the ability to hold the components of a py- 
rotechnic mixture in suspension for relatively long 
periods. This is particularly useful when slurry priming 
or making black match. 


NEWTONIAN MECHANICS — (Also classical mechanics) 
— A system of mechanics based upon Newton’s laws of 
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motion in which mass and energy are considered as 
separate, conservative, mechanical properties; this is 
in contrast to their treatment in relativistic mechanics. 
Newtonian mechanics is also deterministic; this is in 
contrast to quantum mechanics (see quantum theory). 


NEWTON METER — (Symbol: Nm or N-m) — (Also 
newton-meter or newton metre) — This term may 
have two different meanings. As a measure of torque, 
a newton meter is the torque produced by a force of 
one newton acting at one meter from and perpendicu- 
lar to the axis of rotation. As a unit of work or ener- 
gy, a newton meter is equal to the work performed or 
energy expended when a force of one newton has 
acted on a body through one meter in the direction of 
the force. The conversion factors below are in the 
context of work or energy. 


Multiply @ To Obtain 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


b) The abbreviation for British Thermal Unit. 


NEWTON-SECOND — (Symbol: Ns or N:s) — The de- 
rived SI unit of impulse and momentum. One newton- 
second corresponds to one newton of force applied 
for one second. 


F-t=m-y 


Multiply® | By | To Obtain 


| pound second | 4.45 | newton second 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


In_rocketry: The newton-second is used to measure 
total impulse of a rocket motor. 


NEWTON’S LAWS OF MOTION — The three principles 
that together constitute the basis of classical or New- 
tonian mechanics that state: 


e A body at rest will remain at rest and a body in mo- 
tion will continue in motion with the same velocity 
unless acted upon by a net external or resultant force. 


e The acceleration (a) of a body is proportional to the 
net resultant force (F’) acting upon it and inversely 
proportional to its mass (m): 
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a=— 
m 


e When two bodies interact, the force on the first body 
is equal and opposite the force acting on the second 
body. 


NFA — Abbreviation for the National Fireworks Asso- 
ciation. 


NFC - Abbreviation for National Fire Code (Canada). 


NFPA — Abbreviation for the National Fire Protection 
Association. 


NFPA CODES and NFPA STANDARDS — See Na- 
tional Fire Protection Association. 


NG —- Abbreviation for nitroglycerin. See trinitro- 
glycerol. 


NIAGARA FALLS — See waterfall. 

NICHROME™ ~— The trade name for an alloy of nickel 
(60% nickel, 24% iron, 16% chromium and 0.1% car- 
bon). Nichrome is commonly made into wire and 
used to make resistance elements, such as in resistors 
for electronics, the heating element in a kitchen toaster 
and the bridgewire in an electric match. 

NICHROME IGNITER — See electric hot-wire igniter. 

NIGU — Abbreviation for nitroguanidine. 


NIHL — Abbreviation for noise-induced hearing loss. 
See permanent threshold shift. 


NIOSH — Abbreviation for the National Institute of 
Occupational Safety and Health (US). 


NIPTS — Abbreviation for noise-induced permanent 
threshold shift. See permanent threshold shift. 


NISHIKI KAMURO SHELL — See kamuro shell. 


NIST — Abbreviation for the US National Institute of 
Standards and Technology. 


NITER — See potassium nitrate. 
NITRAMINE™ — See methyl-tetranitro-aniline. 


NITRATE DOPE — See nitrocellulose lacquer. 
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NITRATE ION — [NO3 | — The anion of salts of nitric nitroglycerin (i.e., trinitro-glycerol) formed by the ni- 
acid [HNO3]. The nitrate ion is a polyatomic ion con- tration of glycerin, a trihydric alcohol: 
sisting of one central nitrogen atom surrounded by 
three equivalent oxygen atoms in a trigonal planar ar- 
rangement. The nitrogen atom is in the + 5 oxidation 
state while the three oxygen atoms are each in the — 2 
state. The nitrate ion thus has a charge of negative one. 


The nitrate ion can be represented by three resonance 
structures: 


ritreglyerin 


An organic nitrate should not be confused with or- 
ganic molecules with one or more nitro groups 
The nitrate ion is the conjugate base of nitric acid: [-NO2] attached directly to carbon atoms. Organic 
HNO; + H,0 <3 H,0* + NOs compounds containing nitro functional groups are 
properly described as nitro compounds, for example, 

Almost all inorganic nitrates are soluble in water. trinitro-toluene (TNT): 


The nitrate ion should not be confused with the nitrite 
ion [NO ], which is the anion of salts of nitrous acid 
[HNOz]. Similarly, it should not be confused with the 
uncharged nitro functional group [NO2]. 


In addition to inorganic nitrates, there are organic ni- 
trates formed by the reaction of nitric acid and vari- 
ous alcohols (including polyhydric alcohols). 


NITRATE ION, SPOT TEST FOR — See spot test (ni- trinitro-toluene | 


trate ion. 


NITRATINE SODIUM SALTPETER -— See sodium nitrate. 

NITRATE OF ---: 
NITRATION — The chemical reaction through which one 
or more nitro groups [—NO2] are added to an organic 
potash — See potassium nitrate. compound by substitution, almost always for a hydro- 
gen atom. Nitroglycerin is an example of the nitration 
of glycerin (i.e., 1,2,3-trihydroxypropane or glycerol): 


baryta or barytes — See barium nitrate. 


silver — See silver(I) nitrate. 
soda — See sodium nitrate. 


strontia — See strontium nitrate. 


NITRATE, ORGANIC — (Also nitric ester) — The esters 
formed by the reaction of nitric acid and various al- 
cohols (including polyhydric alcohols) are properly 
described as nitrates. Organic nitrates have the gen- 
eral chemical formula R-ONO», where R stands for 
any organic alkyl group and -ONO>: stands for the ni- 
trate group, in which the nitro [-NO2] group has re- 
placed a hydrogen atom of a hydroxyl group [-OH] 
of an alcohol [R—OH]. 


glycerol nitroglycerin 


Nitration can be divided into three types, depending on 
what chemical element the nitro group(s) attaches to 
(see below). 

Organic nitrates are formed by a process described as 

nitration. Two examples of organic nitrates are me- 

thyl nitrate, formed by the nitration of methanol, and 
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Type Attachment] Examples Naming 


a) TNT is trinitro-toluene. 

b) Picric acid is 2,4,5-trinitro-phenol. 

c) Nitroglycerine is trinitro-glycerol. 

d) PETN is pentaerythritol-tetranitrate. 

e) RDX is hexahydro-1,3, 5-trinitro-1,3,5-triazine. 
f) HMX is cyclotetra-methylene- tetranitramine. 


Naming conventions: Traditional names for the prod- 
ucts of nitration continue to be widely used (including, 
in some cases, in this text). There are specific IUPAC 
naming conventions for these compounds, depending 
on the points of attachment of the nitro groups. When 
the attachment of the nitro group is to a carbon atom, 
the compound is properly described as a nitro- 
compound. Some examples of this are nitromethane 
and trinitro-toluene (TNT). Picric acid would more 
correctly be described as trinitro-phenol. 


When the attachment of the nitro group is to one or 
more oxygen atoms, the compound is properly de- 
scribed as an organic nitrate. An example of this is 
pentaerythritol-tetranitrate (PETN). Nitrocellulose and 
nitroglycerin would more correctly be described as 
cellulose nitrate and glycerol-trinitrate. 


When the attachment of the nitro group is to one or 
more nitrogen atoms, the compound is properly de- 
scribed as a nitramine (or most recently as a nitroaza- 
compound). An example of this is cyclotetra- 
methylene-tetranitramine (HMX). 


General mechanism for nitration: The process typically 
begins with the preparation of mixed acid, which is a 
mixture of concentrated sulfuric acid [H2SO.] and 
concentrated nitric acid [HNO3]. The concentration 
of the acids and their ratio vary depending on the dif- 
ficulty of the nitration being attempted; for difficult 
nitration, the nitric acid may be anhydrous (100%), 
and it may be in approximately a 2:1 ratio with the 
sulfuric acid. Because sulfuric acid is a stronger acid 
than nitric acid, nitronium ions [NO2"] are produced 
in an acid-base reaction: 


2 H.SO., + HNO; > 
H30° + 2HSOs + NO.* 
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Then, the organic compound to be nitrated is intro- 
duced. As a result, a nitronium ion attaches to and 
displaces a hydrogen atom from the organic com- 
pound. For example, in glycerol [C3Hs(OH)3] one of 
the hydrogen atoms on the hydroxyl group [OH] is 
most susceptible to this substitution reaction: 


C3Hs(OH)3 + HSOqg + NO.” > 
C3Hs(OH)2(ONO2) + H2SOz 


This is an example of O-nitration. If the nitration 
process is continued, nitro groups will eventually re- 
place all three hydrogen atoms from the three hy- 
droxyl groups to form nitroglycerin, more correctly 
described as glycerol trinitrate or 1,2,3-trinitrato- 
propane [C3Hs(ONO2)s3] (see trinitro-glycerol). 


The nitration of aromatic organic compounds, such as 
toluene [C7Hs], proceeds in much the same way, with 
nitro groups substituting for hydrogen atoms attached 
to a benzene ring, to form trinitro-toluene (TNT) 
[C7Hs(NO>)3]. This is an example of C-nitration: 


trinitro-toluene 


Control of the nitration reaction: The rate at which the 
mixed-acid nitration reaction proceeds depends on ni- 
tronium ion concentration and on the temperature at 
which the reaction is conducted. The rate is maxim- 
ized by high nitronium ion concentration and high 
temperature. 


The greatest nitronium ion concentration (approxi- 
mately 4.5 moles per liter) is achieved when the sul- 
furic and nitric acids are present in approximately a 
2:1 ratio with no water present. The water can be re- 
moved with oleum (a solution of sulfur trioxide [SO3] 
dissolved in sulfuric acid), which reacts with the water 
to form more sulfuric acid: 


SO; + Hx0 > H2SO4 


The temperature is controlled to provide a rapid but 
still safe reaction rate. In the very early days of com- 
mercial nitration, before process control instrumenta- 
tion and equipment was available, there were frequent 
accidents (i.e., explosions) resulting from thermally 
induced runaway reactions. 
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Reportedly, in an attempt to limit the frequency of 
those early accidents, it was common to have an as- 
sistant assigned to physically hold in the hands, the 
bowl (or other vessel) in which the reaction was pro- 
ceeding. In the event that the bowl got too hot for the 
assistant to hold, it was time for all present in the area 
to run away because an explosion was eminent. 


Other nitration methods: For both technical and envi- 
ronmental reasons mixed-acid nitration is falling from 
favor. For example, on the technical side, some of the 
materials being nitrated are acid-sensitive, totally pre- 
cluding the use of mixed acid for nitration. On the 
environmental side, there is the problem of what to do 
with the nitrogen oxides evolved during nitration, and 
with the spent acid afterward. 


NITRE — See potassium nitrate. 


NITRIC ACID — [HNO3] — {CAS No: 7697-37-2} (Also 
aqua fortis or acid spirit of nitre) 


Nitric acid is a component of the mixed acid used in 
the nitration of various organic compounds, such as 
in the production of nitrocellulose, trinitro-glycerol 
(i.e., nitroglycerine) and many other explosive com- 
pounds. It is also used to manufacture inorganic ni- 
trates useful in pyrotechnics. Pure nitric acid is a col- 
orless liquid, but it turns yellow on exposure to light. 
It has an intense and strongly irritating odor. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 2 parts per million. 
Nitric acid is extremely corrosive and, when concen- 
trated, stains the skin yellow on the slightest contact. 
More prolonged contact causes severe burns. The va- 
por is extremely harmful. 


UN hazard classification: PSN: nitric acid, other than 
red fuming, with more than 70% nitric acid; HC: 8.0 
— corrosive (UN2031). 

NITRIC ESTER — See nitrates, organic. 


NITRO — Jargon, most commonly for nitroglycerin and 
nitromethane. 
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NITROCARBOL — See nitromethane. 


NITRO CARBON NITRATE — (Abbreviated NCN) — 


(Also nitro-carbonitrate) 


Nitro carbon nitrate can refer to blasting agents such 
as that consisting of ammonium nitrate sensitized 
with diesel fuel oil (1.e., ANFO). It can also refer in 
general to the class of relatively low-sensitivity ex- 
plosive mixtures that do not contain any primary or 
secondary high explosive. The nitro carbon nitrate 
class of explosives has been replaced (in the US) with 
the designation blasting agent as the proper shipping 
name. Nitro carbon nitrate is still used in some coun- 
tries and may be found in older literature and as part 
of some product names. 


NITROCELLULOSE — [Co6H7N3011, empirical, when 


fully nitrated] — {CAS 9004-70-0} — (Abbreviated NC) 
— (Also cellulose nitrate or pyrocellulose, and the re- 
lated terms nitrocotton, collodion cotton, pyrocotton, 
guncotton, collodion and pyroxylin) 


Nitrocellulose is the basis of most modern gun pro- 
pellants, and it is used in a range of other pyrotech- 
nics and in special effects. It can be produced by the 
nitration of almost any source of cellulose. Nitrocel- 
lulose is a light tan to colorless plastic solid and near 
white as a powder that is quite fluffy when dry. It can 
also take the form of the source of the cellulose (e.g., 
cotton, string or paper). 


Characteristic (b) 


(d) = decomposes. In a vacuum, it melts at approximately 
200 °C before exploding. 


a) Values are for the idealized 14.14% nitrogen with the 
empirical formula: CsH7N3011 


b) Code for reference source, see preface. 
Health information: TLV: none established. 


UN hazard classification: PSN: Nitrocellulose wet with 
water (with not less than 25 percent water, by mass), 
(UN2555); HC: 4.1 — flammable solid. 


Range of nitration: The extent of nitration of cellulose 
is variable, depending on how many hydrogen atoms 
of the hydroxy] groups [-OH] have been replaced with 
nitro groups [-NOp]. 
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nitration of a single complete nitration of all 
hydroxyl group three hydroxyl groups 


In the nitration process, some or all of the three hydro- 
gen atoms in the three hydroxyl groups on each cyclic 
monomer unit are replaced with nitro groups. The most 
readily replaced hydrogen atom is in the hydroxyl 
group that is attached to the methyl [—CH2] group (as 
illustrated in the left structural formula above). If the 
nitration process is continued using sufficiently con- 
centrated acids, eventually one and then potentially 
both remaining hydrogen atoms in the two remaining 
hydroxyl groups may also be replaced by nitro groups 
(as illustrated in the right structural formula above). 


The extent of nitration is quantified as the percent ni- 
trogen in the final product, which ranges upward to a 
theoretical limit of 14.14% nitrogen for complete nitra- 
tion. As a practical matter, the limit for commercially 
produced nitrocellulose is approximately 13.4% ni- 
trogen. In the laboratory, by taking additional 
measures, somewhat greater nitrogen percentages are 
possible, but still less than 14.14%. 


Nitrocellulose is soluble to an extent in a range of 
solvents, where the extent of solvation depends on 
the solvent and the degree of nitration. For example, 
some solubility data is presented farther below. 


The varying solubility in ether-alcohol gives rise to the 
terms ‘soluble nitrocellulose’ (for which the degree 
of nitration is approximately 11 to 13% nitrogen) and 
‘insoluble nitrocellulose’ (for which the degree of ni- 
tration is greater than approximately 13% nitrogen). 


Several different names have also been applied to ni- 
trocellulose of varying percentages of nitrogen. Unfor- 
tunately, there was not a consistent standard and dif- 
ferent authors (especially over time) used the names 
variously. An attempt at summarizing this is presented 
below. 


Nitrocellulose Name Approx. % N 
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Approx. % N | Solubility @») 
ake Insoluble in ¢ alcohol and 
yluble in tal 


a) Data is from Munroe, 1888. 


b) Ether-alcohol is a 2:1 mixture of diethyl ether 
and ethyl alcohol (ethanol). 


c) Nota true solution. 


a) Nitrocellulose with the greatest percent nitrogen. Also, 
insoluble nitrocellulose and, if the source on cellulose 
was paper, possibly gun-paper. 

b) Also, soluble nitrocellulose and, if the source of cellulose 
is cotton, collodion cotton. Collodion is also used to de- 
scribe a solution of nitrocellulose with a few percent of 
camphor and/or castor oil. 


c) Once used as a synonym for collodion; now commonly 
used to describe nitrocellulose with lesser percent nitro- 
gen, such as that used in non-explosive applications. Py- 
roxylin is also used to describe nitrocellulose lacquer. 


d) Nitrocellulose made from cotton. 
e) Nitrocellulose made from cleaned wood fiber. 


The British (Cundill, 1895) had more specific stand- 
ards for collodion cotton and guncotton. Collodion 
cotton was not less than 15% soluble in ether-alcohol 
and contained not more than 12.3% nitrogen, whereas 
guncotton was not more than 15% soluble in ether- 
alcohol and contained more than 12.3% nitrogen. 


The extent of nitration has also been characterized by 
attempting to specify the number of nitro-groups sub- 
stituted into the structure of cellulose. Unfortunately, 
different authors have used differing formulas for cel- 
lulose. Most commonly, one, two or four cyclic units 
were used, corresponding to [C6Hi00s], [Ci2H200 10] 
and [C24H40O20], respectively. Thus, if, on average, 
only one hydroxyl] group per cellulose cyclic unit was 
replaced with a nitro group, different authors have re- 
ferred to this same product as mono-, di- and tetra- 
nitrocellulose. To eliminate this ambiguity, and in 
recognition that the number of cyclic units (n) in cel- 
lulose ranges from several hundred to a few thousand, 
it became common practice to describe the extent of 
nitration of nitrocellulose by specifying its percent ni- 
trogen. 
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In fireworks: Nitrocellulose is commonly dissolved in 
acetone to form a nitrocellulose lacquer. It is used as 
the waterproof coating on visco fuse and as a fast- 
drying binder for prime compositions. 


In propellants: Nitrocellulose ranges from being an 
important ingredient to essentially the sole ingredient 
in many modern propellant types. 


In special effects: Nitrocellulose, in the form of pa- 
per, string or cotton may be used to produce an easily 
ignited, brief-duration flame effect (see flash materi- 
al). Nitrocellulose, in the form of single-base smoke- 
less gunpowder for small arms, is also used in flame 
projectors. 


Historical: The development of nitrocellulose explo- 
sives spanned over 100 years. In 1833 Henri Bracon- 
not (1780-1855), a French chemist and pharmacist, 
published an account of a white, highly-flammable 
substance that he had obtained in the previous year by 
the action of concentrated nitric acid on starch, saw- 
dust, linen and cotton wool. He named it xyloidine. 


In 1845 Christian Friedrich Schénbein (1799-1868), 
a German-Swiss chemist, discovered that cotton be- 
came extremely flammable when treated with a mix- 
ture of concentrated nitric acid and concentrated sul- 
furic acid. In 1846 it was announced that Schénbein 
had discovered a way of making cotton into an explo- 
sive that was an excellent substitute for gunpowder. 
Schénbein was granted a British patent in 1847 for 
the manufacture of explosive cotton. Early attempts to 
use the material as a substitute for gunpowder in the 
firearms of the day were soon abandoned. Its use as a 
mining explosive was more successful, but its pro- 
duction resulted in some disastrous explosions be- 
cause of the instability of the manufactured product 
of the time. 


In 1847 John Ryan (1810-1876), a Professor of Chem- 
istry at the Royal Polytechnic Institution in London, 
verified that nitrocellulose could be made to burn 
with flames of any desired color by soaking it in a so- 
lution of the appropriate metal salt and drying. He 
suggested that nitrocellulose, prepared in this way, 
would be useful in making signal-lights and in col- 
ored-fire effects for the theater. Tight rolls of nitrated 
paper, linen or calico, suitably impregnated with metal 
salts, burned for a considerable time and produced a 
very pleasing effect. 


In 1863 Prussian artilleryman Johann F. E. Schultze 
patented (US 38,789) a ‘smokeless’ gunpowder (better 
described as being semi-smokeless, see powder type, 
Schultze’s powder). This consisted of nitrated wood- 
fiber pellets impregnated with potassium nitrate and 
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barium nitrate. Subsequently, this was improved by 
partially gelatinizing the powder with a mixture of 
diethyl ether and ethanol. 


In 1864 Frederick Augustus Abel, (1827-1902), an 
ordnance chemist at the Chemical Establishment of the 
Royal Arsenal at Woolwich, greatly improved the sta- 
bility of nitrocellulose by alternately boiling and pulp- 
ing it in water; he also controlled the speed of combus- 
tion of the finished product by compressing it. The 
process was disclosed in British Patent 1102 of 1865. 


In 1883 Schultze and his partners started a factory in 
Germany to make the new powder. At about the same 
time, a similar product, E. C. Powder (see powder 
type), was introduced in England by the Explosives 
Company of Stowmarket. 


In 1884 French chemist Paul M. E. Vieille (1854— 
1934) placed the art of smokeless powder manufac- 
ture on a solid foundation by producing the first thor- 
oughly colloided nitrocellulose powder in the form of 
square flakes of uniform size and thickness (see 
smokeless powder). 


In 1891 Dmitri I. Mendeleev (1834-1907), a Russian 
chemist (a pioneer of the Periodic Table) introduced 
an improved process for the manufacture of an opti- 
mized, homogeneous nitrocellulose (12.4% nitrogen) 
that he named pyrocollodion. 


During the last two years of World War I, the Ger- 
mans used wood pulp as cellulosic raw material in- 
stead of cotton linters. After the war, improved flash- 
less and non-hygroscopic powders were developed in 
the US. Then in the 1930s, Fredrich Olsen, an Amer- 
ican chemist of Western Cartridge Company, intro- 
duced a method that greatly simplified the washing 
and stabilization operations in the process that resulted 
in a powder that has a uniform spherical form often 
described as ball powder (see smokeless powder). 


NITROCELLULOSE LACQUER - (Also nitrate dope or 


pyroxylin) 

Nitrocellulose lacquer is a solution of nitrocellulose 
dissolved in a solvent, usually one or more ketones 
and other co-solvents. It can be obtained commercially, 
typically containing approximately 10% nitrocellu- 
lose. As an alternative, nitrocellulose lacquer can be 
made by dissolving powdered nitrocellulose (or al- 
ternatively, single-base smokeless gun powder) in ac- 
etone; this process is facilitated by first dissolving the 
nitrocellulose in ethyl acetate or butyl acetate then 
adding acetone to achieve the desired viscosity. Only 
single-based, smokeless powders should be used for 
this purpose, because double- and triple-based pow- 
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ders may contain a substantial percentage of nitro- 
glycerin. When nitrocellulose is dissolved in an 
ether/alcohol mixture, with a few percent of camphor 
and/or castor oil, it is typically described as collodion 
or collodion lacquer. 


In fireworks: Nitrocellulose lacquer is used as a non- 
aqueous binder for many compositions. As a slurry 
prime, the lacquer is often mixed with fine Black 
Powder (i.e., meal powder). These primes have the 
advantage of being quick drying and not damaging to 
the Black Powder core of fuses or other items. 


Visco fuse and its derivatives are commonly coated 
with nitrocellulose lacquer to secure their thread 
wraps and to provide a level of moisture resistance. 


In special effects: Nitrocellulose lacquer is used as a 
binder for some special-effects products. 


In rocketry: Nitrocellulose lacquer (more often de- 
scribed as nitrate dope) is used to coat and seal fabric 
(or to strengthen tissue paper) on aeromodels. 


NITRO COMPOUND — A compound containing one or 
more nitro functional groups [—-NOs:] attached directly 
to a carbon atom(s) [RCNO>]. See nitration. 


NITROCOTTON — See nitrocellulose. 


NITROGEN — [No] — {CAS 7727-37-9} — (Abbreviated 
LN» when liquefied) 


A gaseous chemical element, atomic number 7. It is a 
colorless, odorless gas that forms about 78% of dry 
air by volume. Nitrogen, when liquefied, is used in 
liquid nitrogen fog machines. Liquid nitrogen is a 
cryogenic (i.e., extremely cold), colorless liquid. 


a) Code for reference source, see preface. 


Health and hazard information: Liquid nitrogen evap- 
orates spontaneously, generating huge volumes of 
gaseous nitrogen, which displaces the air. In poorly 
ventilated spaces, the oxygen content of the local air 
may become too low to support life. A person may 
quickly become unconscious with no prior indication. 
Extreme pressures will develop in sealed containers 
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of liquid nitrogen, leading to the bursting of the ves- 
sel. On contact with skin, liquid nitrogen can imme- 
diately produce frostbite. 


UN hazard classification: PSN: nitrogen, compressed; 
HC: 2.2 — nonflammable gas (UN1066). 


NITROGEN BLANKET — See nitrogen padding. 


NITROGEN GENERATOR, PYROTECHNIC — A pyro- 


technic device for generating substantially pure ni- 
trogen gas, for applications such as inflation of emer- 
gency escape chutes for aircraft and inflatable life- 
rafts. In these applications, the presence of condensa- 
ble gases, such as steam, is undesirable because their 
condensation would result in partial deflation of the 
pressurized device upon cooling. For an example of a 
pyrotechnic nitrogen generating system that also gen- 
erates steam, see Hydrox blasting system. Many 
compositions proposed for automobile airbag infla- 
tion also generate steam, but, in this application, 
steam is not a disadvantage, as the airbag is required 
to remain inflated for only a very short time. 


Compositions for pyrotechnic generation of substan- 
tially pure nitrogen are based on sodium azide com- 
bined with an appropriate oxidizer. The desired char- 
acteristics of the composition include a high volume 
of nitrogen both per unit mass of composition and per 
unit volume of composition, a fast burn rate, and a 
low dependence of burn rate on pressure. It is also 
desirable that the residue be in the form of a sintered 
porous mass. Much effort has been devoted to identi- 
fying suitable oxidizers. For example, Russian patent 
2,538,876 (2013) disclosed the use of aluminium flu- 
oride and polytetrafluoroethylene for this purpose. 
Aluminum fluoride reacts with sodium azide according 
to the equation below. 


6 NaN; +2 AIF; > 6NaF + 2 Al + 9N> 
(AH, = —566 kJ) 


This reaction is only mildly exothermic. The addition 
of polytetrafluoroethylene results in the strongly exo- 
thermic reaction below. 


3 (CoF4) + 4Al > 4 AIF3 + 6C 
(AH; = —3551 kJ) 
Sufficient polytetrafluorethylene is added to provide 
enough thermal energy to obtain the desired burning 


rate. The recommend ranges of ingredients (Russian 
patent 2,538,876) are presented below. 
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nitrogen per gram, corresponding to 614 to 840 mL 
(STP) ofnitrogen per mL of composition. The purity of 
the generated nitrogen is over 99% by volume. The res- 
idue is a solid porous mass of approximately the same 
dimensions as the original pyrotechnic charge. Provid- 
ing the original composition contains less than 70% 
sodium azide, the residue contains no metallic sodium. 


For comparison, a known nitrogen-generating com- 
position that utilizes a mixture of iron(II) oxide and 
titanium(IV) oxide to oxidize sodium azide generates 
212 mL nitrogen per gram of composition, corre- 
sponding to 565 mL nitrogen per mL of pyrotechnic 
composition. The proportions of this mixture (Russian 
patent 2,538,876) are presented below. 


Ingredient Parts by weight 


NITROGEN COMPOUNDS IN PYROTECHNICS, HIGH 
— See high-nitrogen compounds in pyrotechnics. 


NITROGEN OXIDE —A gas with the general chemical 
formula of NOx. Some nitrogen oxides (e.g., nitric 
oxide [NO] and nitrogen dioxide [NO2]) are poison- 
ous. These gases may be produced by the reaction of 
CHNO explosives. Excessive nitrogen oxides may be 
produced when an excessive amount of oxygen is 
present in the explosive or by incomplete detonation 
of an explosive. One common nitrogen oxide (1.e., ni- 
trous oxide [N2O]) is not toxic. This gas is commonly 
used as the oxidizer in hybrid amateur rocket motors. 


NITROGEN PADDING - (Also nitrogen blanket) — The 
filling of a container with nitrogen gas to prevent the 
oxidation of the chemical stored in the container. 
This also prevents the formation of an explosive gas- 
eous mixture of air and fuel in such a container. 


NITROGEN TRIIODIDE — [NI3] — {CAS 13444-85-4} — 
(It should not be confused with nitrogen triiodide-1- 
ammonia.) 


Nitrogen triiodide is an extremely sensitive explosive 
solid, unstable even at —60 °C. The substance is too 
unstable to store, even at low temperatures, and is of 
no practical use. Itis a dark red-black crystalline solid. 
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(d) Stable at -196 °C. Decomposes slowly on standing at 
-78 °C, and spontaneously at 0 °C. Decomposes ex- 
plosively upon slight heating. 


(s) Can be sublimed under vacuum at -20 °C. 
a) Code for reference source, see preface. 
b) Davies, et al., calculated for Nls(g). 


Hazard: Extremely sensitive explosive. 


Historical: The first preparation of nitrogen triiodide 
was reported in 1990. It was prepared by reacting bo- 
ron nitride [BN] with iodine monofluoride in fluoro- 
trichloro-methane at —30 °C, then removing the sol- 
vent under reduced pressure. 


BN + 3IF > BF; + NI; 


The nitrogen triiodide was sublimed from the solid 
residue at —20 °C and condensed at —196 °C. Study 
of its properties was severely hindered by its propen- 
sity to explode, but its Raman spectrum and its '°N- 
NMR spectrum were obtained and were consistent 
with those expected for NI. 


NITROGEN TRIIODIDE-1-AMMONIA — [NI3-NH3] — 
{CAS not available} — (Also nitrogen triiodide mon- 
oammine and touch powder.) 


Nitrogen triiodide-1-ammonia is an extremely sensi- 
tive (i.e., dangerous) explosive. It can be obtained by 
the reaction of ammonia and iodine in aqueous solu- 
tion. When dry, it explodes on the slightest touch. In 
the past, nitrogen triiodide-1-ammonia was often made 
in small quantity for use in chemistry demonstrations 
and occasionally for irresponsible practical jokes. Ni- 
trogen triiodide-1-ammonia is a black polymeric solid, 
consisting of zigzag chains of tetrahedral —NIy—- 
groups (with two iodine atoms shared between adja- 
cent tetrahedra) and the NH; groups between the 
chains loosely bonded to the unshared iodine atoms. 


Characteristic Value (a) 


(d) Decomposes explosively upon slight heating. 
a) Code for reference source, see preface. 
b) Davies, et al., calculated for Nls-NHs(s). 


Hazard: Extremely sensitive explosive. Some texts 
claim that nitrogen triiodide-l-ammonia can be 
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stored safely under water; this is incorrect. It has 
been known to explode under water, for no apparent 
reason, and should never be stored. A dilute sodium 
hydroxide solution destroys nitrogen triiodide-1- 
ammonia, as does a sodium thiosulphate solution, but 
the risk of explosion is always present. 


Historical: Nitrogen triiodide- 1-ammonia was first pre- 
pared in 1812 by the French saltpeter-maker Bernard 
Courtois (1777-1838), the discoverer of iodine. Cour- 
tois’ work was brought to the attention of the scientific 
world by French chemist Joseph Louis Gay-Lussac 
(1778-1850). The product of the reaction of iodine 
with ammonia was investigated in detail in 1814 by 
French chemist Jean-Jacques Colin (1784-1865). It 
was initially thought to be nitrogen triiodide. Later 
work by other chemists showed that it contained hy- 
drogen, but its composition was not definitively es- 
tablished until 1896, when British chemist Frederick 
Daniel Chattaway (1860-1944) showed that its em- 
pirical formula was N2H3I3. In 1905 British chemist 
Oswald Silberrad (1878-1960) showed that it was 
NI3-NH3. He also gave a detailed account of the his- 
tory of the compound. The structural formula was es- 
tablished by X-ray crystallography in 1968 by Ger- 
man chemist Jochen Jander and colleagues. The heat 
of formation was found by British chemist R. Hugh 
Davies and colleagues in 1989. 


NITROGLYCERIN and NITROGLYCERINE — See ri- 
nitro-glycerol. 


NITROGLYCOL — See ethanediol dinitrate. 


NITRO GROUP — See functional group (organic chem- 
istry). 


NITROGUANIDINE — [CH4N,O2] — {CAS 556-88-7} — 
(Also 2-nitroguanidine or picrite) — (Abbreviated 
NIGU or NQ) — (nitroguanidine is not the same chem- 
ical as guanidine mononitrate. 


Nitroguanidine is an energetic component of some 
propellants and used in triple-based smokeless pow- 
ders (see propellant type). It is prepared by the action 
of concentrated sulfuric acid on guanidine nitrate. Ni- 
troguanidine is colorless as crystals and white as a 
powder. 


Structural formula: 
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Characteristic Value (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 
b) Value is for material confined at maximum density. 


Health information: TLV: none established. 


UN hazard classification: PSN: nitroguanidine or pic- 
rite (dry or wetted with <20% water by mass); HC: 
1.1D — explosive (UN0282); PSN: nitroguanidine, 
wetted or picrite, wetted (with >20% water by mass); 
HC: 4.1 — flammable solid (UN1336). 


NITROLIGNOSE — (Also nitrolignin) — Nitrated wood 
fiber. The process to make nitrolignose is broadly 
similar to that of producing nitrated cotton (i.e., gun- 
cotton, and other present-day nitrocellulose prod- 
ucts). This process begins with reducing the wood to 
a nearly fibrous state and then cleaning it by boiling 
in water and other chemical processes. This is fol- 
lowed by a conventional nitration, prolonged washing 
with water, and then drying. While the product is 
mostly nitrocellulose, its physical form and minor con- 
stituents make it slower burning than guncotton. Ac- 
cordingly, the use of nitrolignose in some early smoke- 
less powders (e.g., Schultze powder) made possible its 
use in firearms, before knowledge of how to tame gun- 
cotton by colloiding and/or gelatinizing was available. 


The varying solubility of nitrocellulose in ether- 
alcohol gives rise to the terms ‘soluble nitrolignose’ 
and ‘insoluble nitrolignose’, for that which the degree 
of nitration is approximately 11 to 13% nitrogen and 
that which is greater than approximately 13% nitro- 
gen, respectively. 


NITROMETHANE — [CH3NO2] — {CAS 75-52-5} —- 
(Abbreviated NM) — (Also nitrocarbol) 


Nitromethane is used as a fuel in some two- 
component (1.e., binary) high explosives; typically, it is 
combined with finely ground ammonium nitrate. It is 
also used as a liquid rocket fuel. Nitromethane is a col- 
orless liquid with a slightly disagreeable fruity odor. 
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Structural formula: 


Characteristic (a) 


a) Code for reference source, see preface. 
b) Confined at a density of 1.138 g/cm. 


Health information: TLV: 20 parts per million; ab- 
sorbed through the skin. [ARC-2B: possibly carcino- 
genic to humans, NTP-R, MAK-3B, TLV-A3 listed 
carcinogen. 


UN hazard classification: PSN: nitromethane; HC: 3 
— flammable liquid (UN1261). 


NITROPHENYL-AZO-NAPHTHOL — [Ci6HiiN303] — 
{CAS 6410-10-2} — (Also /-[(4nitrophenyl)azo]2- 
naphthol, para red, C.I. Pigment Red 1, C.I. 12070, p- 
nitroaniline red, para-nitroaniline red or para toner) 


Nitrophenyl-azo-naphthol has been used in combina- 
tion with rhodamine B to produce red colored smoke. 
Nitrophenyl-azo-naphthol is a red powder. 


Structural 
formula: 

(see benzene 
ring) 


a) Code for reference source, see preface. 


Health information: TLV: none available. Although 
its molecular structure would suggest that it may be 
carcinogenic, this dye is not listed as such by AC- 
GIH, IARC or NTP. 
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UN hazard classification: not regulated. 


NITROPOLYMER — A nitrated polymer characterized 
by including -O—NO> groups. For example, the struc- 
ture of nitrocellulose, illustrated below: 


nitrocellulose 


NITROPOLYMER PROPELLANT - See propellant type. 


NITRO POWDER - A generic term for any class of 
smokeless powder. 


NITROSTARCH — A substance similar to nitrocellulose 
but lower in explosive strength. 


NITROUS OXIDE -— [N20] — {CAS 10024-97-2} — (Also 
dinitrogen monoxide or laughing gas) 


Nitrous oxide is an oxidizing gas commonly used in 
hybrid rocket motors. In liquid form (i.e., under pres- 
sure), it can be used as either a rocket oxidizer or as a 
monopropellant. As a monopropellant, nitrous oxide 
is used by spraying it on a catalytic meshwork where 
it decomposes into nitrogen and oxygen, in the pro- 
cess it heats the catalyst and accelerates the decom- 
position process. Nitrous oxide is most commonly 
prepared by carefully heating ammonium nitrate 
[NH4NO3], which decomposes into nitrous oxide and 
water vapor. It is a colorless gas. 


Structural formula: 


a) Code for reference source, see preface. 


Health information: TLV: 50 parts per million. Alleg- 
edly, it produces pleasant intoxicating effects when 
inhaled, but with continued inhalation, this can pro- 
gress to unconsciousness and even to suffocation. 


UN hazard classification: PSN: nitrous oxide; HC: 2.2 
— non-flammable gas (UN1070). 


Page 865 


NITROXANTHIC ACID — See trinitro-phenol. 
NITROXYLATION — See nitration. 


NITTS — Abbreviation for noise-induced temporary 
threshold shift. 


nm — Symbol for nanometer. 

NM - Abbreviation for nitromethane. 
Nm and N-m — Symbol for newton meter. 
Na — Symbol for Mach number. 


No. 8 TEST DETONATOR and NO. 8 TEST CAP — 
See detonator. 


NOBLE GAS — Any of the elements in chemical group 
18 of the periodic table of elements. The elements in 
the group are helium, neon, argon, krypton, xenon and 
radon. In the past, noble gases were described as inert 
gases, until it was discovered that, under extreme 
conditions, some of these gases can react chemically 
(i.e., they are not truly inert). 


NO-FIRE CURRENT — See firing current. 


NOISE (acoustic) — A pressure disturbance transmitted 
through air (or other medium) to which the human 
ear can respond (i.e., 20 Hz to 20 kHz), but which is 
not considered pleasing. 


NOISE DOSE — An employee’s total exposure to noise 
over the work shift. Noise dose may be stated as the 
constant noise level producing the equivalent noise 
exposure. Alternatively, noise dose may be stated as 
the percentage of the exposure compared with the 
exposure that would have been received having been 
subjected to the criterion level of 90 dBA for 8 hours. 


NOISE DOSIMETER — A small instrument worn on the 
body of a person in the general proximity of their 
ears that integrates the person’s exposure to noise 
over the work shift and produces a reading of the 
noise dose received. 


NOISE EFFECT (fireworks) — An audible pyrotechnic 
effect, intentionally produced as the primary function 
of a device. The explosive sounds of salutes, reports 
and shots are noise effects. Similarly, whistles and 
even hummers are considered firework noise effects. 
Except in the context of an employee’s noise dose, the 
sound of a shell firing from a mortar or a star shell 
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bursting in the air is not considered to be a firework 
noise effect. 


NOISE EXPOSURE, PERMISSIBLE — In the US, the 
permissible noise expo- 
sure for an employee is 
presented in the table at 
the right. 90 


If sound level on the job 
exceeds the action level 
of 85 dBA for 8 hours 
or any other action lev- 
el, the employer must 
institute a hearing con- 
servation program. 


Duration per | Sound Level 
Day (hours) (dBA) @) 


The above table is for 
sound (i.e., noise) clas- 
sified as continuous; for 
impulse sound, the max- 
imum should not exceed a peak response of 140 dB. 
As a point of comparison, the firing of a 3-inch (75- 
mm) aerial shell produces sound pressure levels aver- 
aging approximately 155 (peak — linear) dB at 10 feet 
(3 m) from the mortar. Further, even a 50-mg con- 
sumer firework firecracker produces a peak sound 
pressure level averaging approximately 145 dB (peak 
— linear) at 5 feet (1.5 m) and 140 dB at 10 feet (3 m). 
(See sound pressure level measurement.) 


a) dBa = decibels, A 
weighted. (See sound 
pressure level meas- 
urement.) 


NOISE HAZARD — A sound of sufficient intensity and 
duration potentially to cause damage to a person’s 
hearing. Guidance can be taken from permissible 
noise exposures established for workers in the US by 
the Occupational Safety and Health Administration. 


NOISE-INDUCED: HEARING LOSS and PERMANENT 
THRESHOLD SHIFT — See permanent threshold shift. 


NOISE-INDUCED TEMPORARY THRESHOLD SHIFT 
— See temporary threshold shift. 


NOISE LEVEL — See sound pressure level measurement. 


NOISE MINE — A firework mine in which the principal 
effect is the ejection of pyrotechnic noise units (e.g., 
salutes and/or whistles). 


NOISE REDUCTION RATING — (Abbreviated NRR) — 
A measure of the effectiveness of hearing protection 
devices (e.g., earmuffs and earplugs). Noise reduc- 
tion ratings are typically stated in terms of the de- 
crease in sound pressure level in decibels of reduc- 
tion provided by the hearing protection device. 
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No MATCH™ - A specialized system for igniting 
fireworks with standard shock tube (a non-electric fir- 
ing system) as shown below. The first (top) image 
shows a set of four HDPE mortars in a wooden rack 
in which four aerial shells have been fused with No 
Match. In the second image, the No Match appears 
bright as it is firing. In the third image, the four shells 


A useful characteristic of No Match is the extremely 
high propagation speed of standard shock tube (ap- 
proximately 6000 feet per second, 1800 m/s), result- 
ing in the almost simultaneous ignition of numerous 
devices, even at substantial distances. An undesirable 
characteristic of No Match is the need for a flame-to- 
shock converter at one end (to initiate the shock tube 
reliably with an electric match) and the need for a 
shock-to-flame converter at its other end (to ignite 
the pyrotechnics reliably). 


The No Match ignition system never became popular. 
A newer type of shock tube (i.e., Lightning Thermo 
Tube™) was developed, which eliminates the need to 
use flame-to-shock and shock-to-flame converters 
that were needed with No Match. Lightning Thermo 
Tube is finding use in performing portions of ex- 
tremely large scale and complex firework displays. 


NON-AQUEOUS — Not associated with water. A non- 
aqueous priming composition is one made with a sol- 


vent other than water (e.g., alcohol or acetone) and a 
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binder that is insoluble in water (e.g., shellac or red 
gum). 


NONCOMBUSTIBLE — Not capable of being burned by 
ordinary means. 


NON-CORROSIVE PRIMER — A small-arms primer 
made without potassium chlorate, which, when oxi- 
dized, forms a hygroscopic salt that causes bore rust- 
ing. US primers for sporting ammunition have been 
mostly non-corrosive since the 1930s. 


NON-DESTRUCTIVE TESTING — Testing in which the 
method used causes no significant degradation to the 
item being tested. Typical methods that might be in- 
cluded as non-destructive are weighing, physical 
measuring and microscopic, X-ray or ultrasonic im- 


aging. 
NONEL™ — A trade name for shock tube. 
NON-ELECTRIC BLASTING — See shock tube. 
NON-ELECTRIC DETONATOR — See detonator. 


NON-HYGROSCOPIC — Lacking the tendency to absorb 
and retain an appreciable quantity of moisture from air. 


NON-IDEAL DETONATION — See detonation type. 
NON-LETHAL PROJECTILE — See baton round. 
NON-NEWTONIAN FLUID — See Newtonian fluid. 
NON-PARTICULATE FLAME — See particulate flame. 
NON-PERMITTED EXPLOSIVE -— (Also _ non- 
permissible explosive) — An explosive that is not a 
permissible explosive (i.e., one that is not among 
those allowed for use in underground coal mines). 


NON-PROCESS BUILDING — See building type. 


NON-PYROTECHNIC FLAME EFFECT -— See flame ef- 


fect. 


NON-PYROTECHNIC FLAME EFFECT, PYROTECH- 
NICALLY DRIVEN - See flame effect. 


NON-PYROTECHNIC SPECIAL EFFECT — See special 


effect. 
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NON-PYROTECHNIC SPONTANEOUS IGNITION — See 
spontaneous ignition. 


NON-SPARKING MATERIAL Non-Sparking Materials 


— Any material that is es- 
sentially incapable of pro- 
ducing incandescent parti- 
cles (i.e., incendive sparks) 
as a result of mechanical 
action such as when struck 
with a tool, a rock or other 
similarly hard object. A few 
examples of non-sparking 
materials are presented at 
the right. 


Listing of a material as 

non-sparking does not mean that static electricity 
cannot accumulate in or on it, or that a static spark 
cannot be produced. 


The use of non-sparking materials for tools and work 
surfaces when working with pyrotechnic materials is 
appropriate for safety. Further, the US Bureau of Al- 
cohol, Tobacco and Firearms has a requirement that 
the interior surfaces of a magazine that can come into 
contact with explosives must be non-sparking. 


NON-SPARKING TOOL — When working with pyro- 
technic materials it is important to use tools and im- 
plements that are not capable of producing incendive 
sparks. Thus, to the extent practical, tools and imple- 
ments need to be made of non-sparking materials. 
Examples of non-sparking tools that might be used to 
make fireworks and Black Powder rockets are shown 
below. 


On the extreme left are several different-size alumi- 
num rammers (used to compact loose pyrotechnic 
compositions). On the extreme right are wooden 
rammers (i.e., dowels). In the center are three mallets 
that might be used in conjunction with the rammers. 
From left to right, the heads are made of hard rubber, 
rawhide and wood. 
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The use of mallet blows to compact compositions has 
a long history in the manufacture of pyrotechnics; 
such use has caused ignitions and is not considered 
sufficiently safe by modern standards. It is preferred 
that compaction be accomplished by the relatively 
slow application of pressure, such as can be accom- 
plished with a hydraulic or mechanical press. 


NON-SPECTRAL COLOR — See color measurement. 
NON-STEEL SPARKLER -— See sparkler. 
NONTOXIC — See toxicology regulatory term. 


NON-US EXPLODING FIREWORK — Sce exploding 
ground firework, non-US. 


NON-US EXPLODING GROUND FIREWORK -— See 
exploding ground firework, non-US. 


NORMAL — Has different meanings depending on the 
area of application. 


In geometry: (Also perpendicular) — A line or plane 
that is perpendicular to another line or a plane. 


In statistics: Normal expresses a statistical distribu- 
tion that is Gaussian in nature. Near normal distribu- 
tions are quite common in nature. 


NORMAL DISTRIBUTION — (Also Gaussian distribu- 
tion) — The fundamental frequency distribution of sta- 
tistical analysis. A continuous variable x is said to 
have a normal distribution or to be normally distrib- 
uted if it possesses a probability density function f(x) 
that satisfies the equation: 


1 : (=*] 

f(xs)=——e *” 
ov2n 

Where y is the arithmetic mean (1.e., average or first 

moment) and ais the standard deviation (see statistic). 

When this function is plotted, it appears as presented 

farther below. 


In a normal distribution, the arithmetic mean repre- 
sents the most probable value, and the values are dis- 
tributed equally above and below the mean. Further, 
68% of the values will fall within 1 standard devia- 
tion of the mean (the area with green shading); 27% 
of the values fall between 1 and 2 standard deviations 
above or below the mean (yellow shading); 4.3% of 
the values fall between 2 and 3 standard deviations 
above or below the mean (blue shading); and 0.26% 
of the values fall more than 3 standard deviations 
above or below the mean. 
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A distribution may also have varying degrees of 
skewness (asymmetry from left to right) and kurtosis 
(peakedness up and down) while still being consid- 
ered essentially normal. Extensive tables and com- 
puter algorithms exist to simplify the statistics de- 
rived from the normal distribution of data. 


cumulative probability — This is the area under a 
probability density function, usually found by inte- 
grating from one extreme. For a normal distribution, 
the cumulative probability begins at 0 increases to 0.5 
at the mean and ends at 1.0, as presented below. 


NORMAL FORCE — Any force perpendicular to a given 
line or surface. 


NORMALITY — (Symbol: N) — A unit of concentration 
used in chemistry that equals the number of chemical 
equivalents of a substance (i.e., solute) per liter of so- 
lution. 


NORMALIZE — To make a change in the scale of a set 
of values for the purpose of convenience or clarity. 


In a data set: If it is assumed that the typical mortar 
used for launching 3-inch (75-mm) aerial shells is 20- 
inches (500-mm) long, then the average burst height 
achieved for such a mortar length is also typical. In 
that case, it can be useful to present the results of an 
investigation of the effect of varying mortar lengths 
by normalizing those results to the height achieved for 
20-inch long mortars. This is accomplished by dividing 
all burst heights by the average for 20-inch long mor- 
tars. The results from a series of burst height meas- 
urements as a function of mortar length for 3-inch 
(75-mm) spherical aerial shells are presented below. 
(The test firings were conducted at an elevation of 
4600, 1400 m, feet above sea level.) Note that both 
the raw and normalized data are presented. 
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Mortar 
Length |} Number 
(in.) ® | of Tests 


Average | Normalized 


a) To convert from inches to millimeters, multiply by 25.4. 
b) To convert from feet to meters, multiply by 0.305. 


The normalized set of data is presented below as a 
graph. 


1.50 


1.00 


For 3-inch (75-mm) 
Spherical Shells, 
Normalized to 20-inch 
(500-mm) Mortar Length 


0.50 


Normalized Burst Height 
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The reason this normalization can be useful is that 
there are many other factors that affect aerial shell 
burst height (elevation above sea level, mortar diame- 
ter, ambient temperature, etc.). If under the condi- 
tions used in the study, a doubling of mortar length 
(to 40 inches, 1 m) produced a 35% increase in burst 
height (i.e., from 1.00 to 1.35) then a similar percent- 
age increase can be expected for doubling mortar 
length under a variety of conditions. 


NORMAL SHOCK WAVE -— See shock wave. 


NORMAL TEMPERATURE -— See temperature (standard 


ambient temperature). 


NORMAL TEMPERATURE AND PRESSURE — (Abbre- 


viated NTP) — In many fields of science and technol- 
ogy, there is a need to specify standard reference con- 
ditions of temperature and pressure. Historically, au- 
thorities in specific fields established a set of reference 
conditions that were defined as Normal Temperature 
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and Pressure for that field. Unfortunately, different 
values were adopted in different scientific fields. For 
example, in the US, the NTP used in engineering is 
defined as air at 20 °C (293.15 K, 68 °F) and a pressure 
of | atmosphere. In thermochemical modeling, NTP is 
usually specified as a temperature of 25 °C (298.15 K 
or 77 °F) and a pressure of | atmosphere. 


Note that NTP is in contrast with Standard Tempera- 
ture and Pressure (STP), which is currently defined by 
the International Union of Pure and Applied Chemistry 
(IUPAC) is a temperature of 0 °C (273.15 K or 32 °F) 
and an absolute pressure of 100 kPa (14.504 psi or 
0.986 atm). 


NORWAY SALT PETER — See calcium nitrate. 


Nos — (Also N.O.S. or n.o.s.) — Abbreviation for not 
otherwise specified. 


NOSE BLOCK - See body tube coupler. 


NOSE BLOW RECOVERY (rocketry) — A form of re- 
covery in which the nose cone or nose section is 
blown off the rocket’s body tube, but the nose cone 
remains attached to the body tube by shock cord or 
other means. The nose cone and shock cord may act 
as a streamer to slow the rocket’s descent and/or the 
separation of the rocket and nose cone may act to de- 
stabilize the rocket and thus slow its descent. 


NOSE CONE -— The cone- 
shaped leading end of a 
rocket vehicle, illustrated 
at the right. 


Nose 
Cone 


NOSING (noun) — A wrap 
of paper at the top of a 
firework device, securing 
its fusing and protecting its primed surfaces from ac- 
cidental ignition. Often gerbs, fountains, Roman can- 
dles, whistles and rockets are provided with nosing. 
The wrap of blue paper around the top of a Roman 
candle battery is the nosing in the example shown be- 
low. 


The wrap of paper that protrudes some distance be- 
yond the end of the tubes is tied to help secure a fuse 
or electric match. The nosing also helps to prevent 
accidental ignition by protecting the pyrotechnic 
composition of the device from being exposed to 
stray sparks. The nosing may also provide some de- 
gree of protection from moisture. 


In consumer fireworks, col- 
ored tissue paper is sometimes 
used for nosing (for example, 
the orange tissue paper shown 
at the right). 


In countries where touch paper 
was used for ignition, consum- 
er fireworks (1.e., shop goods) 
were typically nosed with blue 
touch paper. In these instanc- 
es, the nosing itself acts as a 
fuse and no other fuse is nor- 
mally present. 


For display fireworks, aluminum foil may be used as 
nosing, as it better helps protect the contents of the 
tube(s) from stray sparks. 


Repair of nosing: On display fireworks, if the nosing 
on a device becomes damaged (e.g., a tear in the nos- 
ing as shown below), it is advisable to make a repair. 


r 


os 


This is easily accomplished by simply removing the 
damaged nosing, adding a few turns of new paper (or 
wide masking tape) and again securing the fusing 
(shown below as three steps.) 


eg 
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NOSING (verb) — The process of applying nosing to a 
cylindrical firework case, thus securing its fusing and 
helping protect its contents. 


NOVELTY (firework classification) — A classification 
used in the US for some firework-like items that con- 
tain so little pyrotechnic or explosive composition 
that they are classed as being almost non-hazardous. 
The governing standard for such items is the current 
edition of American Pyrotechnics Association’s APA 
87-1, “Standard for Construction and Approval for 
Transportation of Fireworks, Novelties, and Theatri- 
cal Pyrotechnics”. This states that novelties, manu- 
factured to conform to the specifications of that 
Standard, are not regulated as explosives except 
when shipped by air. 


There are five types of items classified in the US as 
novelties, these are: party poppers, snappers, toy 
smoke devices (e.g., smoke balls and smoking figu- 
rines), snakes, and sparklers (both wire sparklers and 
dipped-stick sparklers). 


To avoid confusion, it must also be noted that some 
small fireworks, made to look like miniature vehicles, 
animals, etc. were once described as novelty fire- 
works in the US. They are now classed as consumer 
fireworks (Explosive, 1.4G). 


US Novelty Maximums: For party poppers, the maxi- 
mum explosive composition per device is 16 mg, with 
not more than 72 devices per inner packaging. 


For snappers, the maximum composition per device 
is 1.0 mg of silver(I) fulminate, with not more than 50 
devices per inner packaging, which must also contain 
impact-absorbing material. 


For toy smoke devices, the maximum pyrotechnic 
composition per device is 5 g with not more than 72 
devices per inner packaging. 


For snakes, the maximum pyrotechnic composition 
per device is 2 g, with not more than 25 devices per 
inner packaging. 


For sparklers not containing potassium perchlorate or 
potassium chlorate, the maximum composition per 
device is 100 g. For sparklers containing potassium 
perchlorate or potassium chlorate, the maximum 
composition per device is 5 g. In either case, there 
may be not more than 8 devices per inner packaging. 


NOVELTY, FIREWORK -— Broadly speaking, any fire- 
work that is new and distinctly different from other 
fireworks. In the US, the term was once used to de- 
scribe some small consumer fireworks made to look 
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like miniature vehicles, animals, etc. Somewhat con- 
fusingly, there is now, in the US, a novelty firework 
classification that includes five types of small pyro- 
technic devices intended for entertainment and 
amusement. Despite the name, there is nothing novel 
about these devices, each of which have been known 
for many decades. In other jurisdictions such devices 
may be described as toy fireworks. 


NOVOLAC - See phenolic resin. 


NOXIOUS — A poorly-defined term that can mean any- 
thing between merely unpleasant to substantially dan- 
gerous to health. It may be applied to odorous gases, 
weeds that are difficult to control and toxic substances. 
(See toxicity regulatory term.) 


NOZZLE (rocketry) — A device used to shape and direct 
the flow of the working fluid from a rocket motor or 
engine into an outer medium. A reasonably designed 
nozzle commonly has three sections: convergent, 
throat and divergent, illustrated below. 


Nozzle +S 
Throat 


Convergent 
Section , 
\Z Divergent 
—_ ee] . 
Section 


The above rocket nozzle is referred to as a convergent- 
divergent nozzle. The proper design of the nozzle 
makes a large contribution to the efficiency of a 
rocket motor. The efficiency of a nozzle design is ex- 
pressed as its thrust coefficient (C/), which relates to 
the thrust (F) produced by a rocket motor: 


F = Cy Pet At 


Here, P, is the rocket motor chamber pressure and A, 
is the throat area of the nozzle. Realistic values for 
thrust coefficients for amateur rocket motors are in the 
range of 1.1 to 1.5. (See nozzle type, de Laval nozzle 
and nozzle expansion ratio.) 


In amateur rocketry: Model rocket motor nozzles are 
commonly formed from compacted clay. High-power 
rocket motor nozzles are commonly made from ma- 
chined graphite. 


In fireworks: Firework rockets typically are not opti- 
mally designed. Either they are not convergent- 
divergent nozzles or, if minimally so, they are not de- 
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signed to maximize performance. The term nozzle may 
also be used to refer to the choke of a fountain or gerb. 


Today, firework rocket nozzles are commonly formed 
as compacted clay. In the past, nozzles were often 
formed by constricting the rocket motor tube (see 
choke (noun)). 


NOZZLE AREA EXPANSION RATIO — See nozzle ex- 
pansion ratio. 


NOZZLE CLOSURE — A partition, frequently made of 
plastic, that is designed to close the throat of a rocket 
motor nozzle during storage or sometimes until 
chamber pressure has reached a desired value during 
ignition. 


NOZZLE, CONVERGENT-DIVERGENT — See nozz/e. 


NOZZLE COOLING — Because a rocket’s nozzle is ex- 
posed to the high temperature of a rocket’s exhaust 
gases, it is often necessary to provide a means of 
cooling the nozzle to prevent its damage. This is es- 
pecially important for those rockets providing thrust 
for more than a few seconds. Three cooling methods 
are described below. 


film cooling— A method of cooling in which a coolant 
is injected into the boundary layer of the gases passing 
over the surface to be cooled, such as the inner sur- 
face of arocket nozzle. This method of cooling is often 
used in conjunction with regenerative cooling. 


regenerative cooling — A method of cooling in 
which a coolant is circulated within the object to be 
cooled. Frequently the coolant used in this method is 
the liquid fuel or oxidizer used by the rocket engine. 


transpiration cooling — A method of cooling in 
which a coolant is forced under pressure through a 
porous wall into the boundary layer of gases passing 
over the surface to be cooled and maintained at a con- 
stant temperature, such as the inner surface of a rocket 
nozzle. Transpiration cooling is a type of film cooling. 


NOZZLE, DELAVAL — See de Laval nozzle. 

NOZZLE DIVERGENCE LOSS FACTOR — (Symbol: i) _ 
A thrust calculation term that takes into consideration 
the divergent shape of the nozzle’s exit section: 


P| =5(1+ 08a) 


Here, o is the divergent half-angle of the nozzle. 


Page 872 


NOZZLE, EJECTABLE — The type of rocket motor 


nozzle used for the booster rockets of ramjet engines 
and ducted rocket motors that must be replaced with 
a ram-mode nozzle after booster propellant burnout. 
One method used to replace the rocket nozzle with a 
ram nozzle is to eject the booster nozzle in an aft- 
ward direction at the appropriate time. This type of 
nozzle is described as an ejectable nozzle. 


There can be a safety advantage provided with the 
use of an ejectable nozzle. For example, some high- 
power rocket motors are designed to fail non- 
explosively by the ejection of the nozzle if the cham- 
ber pressure becomes excessive. 


NOZZLE EROSION — See erosion, nozzle. 


NOZZLE EXIT AREA — (Symbol: A.) — The area of the 


maximum cross section of the divergent section of a 
rocket nozzle. 


Thus, the nozzle exit area is simply calculated as: 


Here, D. is the maximum diameter of the nozzle’s di- 
vergent section, as illustrated below in cross section. 


Nozzle 
Throat 
Combustion 
Chamber 
D, 
Convergent 
Section 
Divergent 
Section 


NOZZLE EXPANSION RATIO — (Symbol: ¢) — (Also 


nozzle area expansion ratio) — The ratio of the cross- 
sectional area at the exit of the nozzle (A-) to the 
cross-sectional area of the throat of the nozzle (A,). 


These areas are illustrated below in cross section 
(left) and longitudinal section (right). 


The nozzle expansion ratio, in conjunction with other 
factors, determines both the velocity of the exiting 
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combustion gas and its temperature. As the gases ex- 
pand, mostly adiabatically, they cool to a lower tem- 
perature in the process. This can greatly affect the 


luminosity of the exiting combustion gas. The series of 


rocket plume photographs below shows an example 
of the luminosity effect of exiting combustion gas, 
wherein the expansion ratio increases from 1.0 in the 
upper most photograph through 1.3, 1.8 to 2.3 in the 
lower most photograph. 


Photo credit: Naminosuke Kubota 


Nozzle expansion ratio is important because in an op- 
timized, rocket-motor design, the goal is to have the 
expanded gas exit the nozzle at ambient pressure. Thus, 
most nozzle designs are optimum for only one altitude. 
In space (a vacuum), this optimization is impossible. 


If the expansion ratio is too small, the exhaust will 
have a greater pressure than ambient, and thrust will 
be lost due to the sideways expansion of the uncon- 
fined gas. If the expansion ratio is too large, then the 
exhaust gases will exit the nozzle with a pressure less 
than ambient, creating a partial vacuum behind the 
nozzle, again reducing thrust. 


NOZZLE INSERT - A refractory throat lining in the 
nozzle of a rocket motor. 


NOZZLELESS ROCKET MOTOR — See rocket motor, 
nozzleless. 
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NOZZLE, SUBMERGED — One type of deLaval nozzle 


used to shorten the length of a rocket motor. This is 
accomplished by having the convergent and throat 
portions of the deLaval nozzle set some distance into 
the end of the rocket motor. (See convergent- 
divergent nozzle and rocket motor, multi-nozzle.) 


NOZZLE THROAT AREA — (Symbol: A;) — The area of 


the minimum cross section of a rocket nozzle. 


Thus, the nozzle throat area is simply calculated as: 


2 
49) 
2 


Here, D; is the diameter of the nozzle’s throat, as il- 
lustrated below in cross section. 


Combustion Throat 
Chamber 
Convergent P, 
Section Divergent 
Section 


NOZZLE TYPE (rocketry) — Rocket nozzles convert the 


thermal energy of a rocket motor’s combustion prod- 
ucts into kinetic energy (i.e., velocity) by the produc- 
tion of thrust. Thrust (F) may be defined as being 
composed of the sum of momentum thrust (the first 
term below) and pressure thrust (the second term): 


F=(m-v,)+(R-B)A, 


Here, th (m-dot) is the mass flow rate (dm/dt) of the 
combustion products (i.e., working fluid) passing 
through the nozzle, v. is the exhaust velocity of the 
combustion products, P. is the absolute nozzle exit 
pressure, P, is the absolute local atmospheric pres- 
sure, and A- is the nozzle exit area. In general, for a 
well-expanded nozzle and a given mass flow rate, 
thrust will be greater with greater working fluid ex- 
haust velocity. 


Nozzles may be divided into three broad categories 
depending on the velocity of their exiting combustion 
products: subsonic nozzle (illustrated in cross section 
as 1 below) when the exit velocity is less than the local 
speed of sound (i.e., the speed of sound in the nozzle 
throat given the temperature and composition of the 
combustion products), sonic nozzle (2) when the exit 
velocity equals the local speed of sound, and super- 
sonic nozzle (3) when the exit velocity is greater than 
the local speed of sound. 
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Assuming the exiting combustion products can be 
approximated as an ideal gas, the sonic velocity (or 
local speed of sound) at the nozzle’s throat (i.e., its 
point of minimum cross-sectional area) may be de- 
termined using: 


a,= 7 -RUT, 


Here, a; is the throat acoustic (i.e., sonic) velocity, y 
is the heat capacity ratio of the combustion products, 
R'is the specific gas constant (equal to the universal 
gas constant divided by the effective molecular 
weight of the combustion products) and 7; is tem- 
perature (absolute) of the combustion products at the 
nozzle throat. 


Combustion product velocities through the nozzle 
throat are determined by the pressure ratio existing 
between the combustion chamber (P.) and the nozzle 
throat (P;). The pressure ratio necessary to achieve 
the maximum velocity at the nozzle throat, that corre- 
sponding to choked flow, may be described as the 
critical pressure ratio (7p) (also described as the 
choking pressure ratio) and is: 


vs 
P wel! 
esl ae (4) 
P P 2 
~P 


If the actual pressure ratio (P. / Pi)a is less than the 
critical pressure ratio (as for nozzle type 1, above), 
the exit velocity of the combustion products (which is 
also the throat velocity) will be subsonic. If the actual 
pressure ratio equals the critical pressure ratio (as for 
nozzle type 2), the exit velocity (which is also the 
throat velocity) will be sonic. If the actual pressure 
ratio is greater than the critical pressure ratio (as for 
nozzle type 3), the throat velocity will be sonic, and 
the exit velocity will be supersonic. 


The exhaust velocity from the nozzle (v-) for all three 
nozzle types (assuming the combustion products can be 
approximated as ideal gases) may be calculated using: 


yl 


2.vy-R'- 
V= ike daa R l. jot . 
y-1 
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Here, 7. is the chamber temperature and the other 
terms are as previously described. 


A properly designed nozzle increases the exhaust ve- 
locity of the combustion products by changes in the 
nozzle cross-sectional area (i.e., by its design geome- 
try). The effect of changes in cross-sectional area can 
be calculated using: 


Here, A is the cross-sectional area of the nozzle at the 
point of interest, A; is the cross-sectional area at the 
nozzle’s throat, and M is the Mach number of the 
combustion products at the at the point of interest in 
the nozzle. A plot of this relationship for air (i.e., for 
y = 1) is presented below. 


30 


Area Ratio (A/A,) 
= = N DN 
ono no Ww 


NL 


1 2 3 4 5 
Mach Number (M) 


Note from the graph that to produce increasing sub- 
sonic velocities, the nozzle’s cross-sectional area must 
first decrease or converge from its entrance to its 
throat (the green portion of the curve in the graph). 
At the nozzle throat (the black dot), the ratio A / A; 
equals 1.0, and the velocity is sonic (M = 1.0). Then 
for the nozzle to produce supersonic exit velocities, 
the nozzle’s cross-sectional area must increase or di- 
verge (the red portion of the curve). 


Subsonic and sonic nozzles are known as convergent 
nozzles (types 1 and 2 illustrated above) and are used 
with some turbojets. Supersonic nozzles (type 3) are 
known as convergent-divergent nozzles, and they are 
used for rockets and some high-performance turbo- 
jets and turbofans. 


In the above equations, to use English engineering 
units, replace mass flow rate (7) with (W/g), where W 
is weight flow rate, g is the acceleration due to gravi- 
ty (32.2 feet per second). Use R = 1544 ft-lbf / mol- 
°Rankine, and in calculating specific gas constants 
(R‘), properly convert molecular weight (Ibf/mol) to 
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molecular mass by dividing by g. Then continue by us- 
ing consistent English units throughout. 


NQ — Abbreviation for nitroguanidine. 

Nye — Symbol for Reynolds number. 

NRR — Abbreviation for noise reduction rating. 
Ns or N:S — Symbol for newton-second. 

NSC — Abbreviation for National Safety Council. 
NSL — Abbreviation for National Sport Launch. 


NTIS — Abbreviation for the National Technical Infor- 
mation Service. 


NTP — Abbreviation for normal temperature and pres- 
sure and for National Toxicology Program. 


NUCLEAR EXPLOSION - See explosion type, basic. 


NUCLEUS (atomic) — The positively-charged core of an 
atom. It may consist, as in the hydrogen atom, of a 
single proton, or it may consist of one or more pro- 
tons in combination with one or more neutrons. The 
electric charge of the nucleus (and thus the atomic 
number of the element) is determined by the number 
of protons it contains. The mass of the nucleus is the 
sum of the masses of the protons and neutrons. 


NUISANCE DUST — See dust. 


NUT MARC — [processed biological material] — The 
residue remaining after edible oil has been extracted 
by pressure from common walnuts (i.e., the seeds of 
the tree Juglans regia). Nut marc is a now-obsolete 
pyrotechnic fuel recommended by French pyrotechnist 
Paul Tessier (1816—??). For use in fireworks, the com- 
pressed cakes of marc from the oil-press were al- 
lowed to dry, then powdered and sieved. The result- 
ing oily powder was said to be an excellent fuel for 
colored fires, a little inferior to shellac, as judged by 
the intensity of the colors, but much less expensive 
and perfectly adequate in a great many applications. 
Two formulations including nut marc are presented 
below. Formulations 1 and 2 (Tessier, 1859) are for red 
and blue lance compositions, respectively. 
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Formulation — | Parts by Weight 
Ingredient | 


NXRL — Acronym for the National Experimental 


Rocket Launch. 


NYQUIST FREQUENCY — In electronic signal pro- 


cessing, the highest frequency component of an input 
waveform that can be accurately reconstructed at a giv- 
en discrete sampling rate. Numerically, it is one half 
of the discrete sampling rate. In other words, to re- 
produce a waveform accurately by discrete sampling, 
the sampling frequency must be at least twice the 
highest frequency component of the input waveform. 


In theory, such a discrete sampling rate provides the 
minimum number of data points necessary to repro- 
duce the signal. An example can be taken from the at- 
tempt to measure the peak aerial shell air-blast pres- 
sure (or the peak sound pressure level) produced by 
its explosion. If the highest frequency component of 
the air-blast wave is 20 kHz, then the minimum dis- 
crete sampling rate required to measure the peak 
pressure is 40,000 samples per second. In practice, an 
even greater sampling rate may be used. 


If an input waveform has frequency components 
above the Nyquist frequency, the reconstructed wave- 
form will contain features (described as aliases) that 
are completely absent in the input waveform. 


The Nyquist frequency is named for Harry Nyquist 
(1889-1976), a Swedish-born researcher with AT&T 
and Bell Labs, who contributed significantly to in- 
formation theory and digital signal processing. 
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O — The symbol for the chemical element oxygen. 
OBLATE SPHEROID -— See spheroid. 


OBLIQUE SHOCK WAVE -— (Also oblique shock) — See 
shock wave. 


OBTURATE — To block or close an opening to prevent 
the escape of material, usually a gas or liquid. With 
reference to firearms and firework mortars, obtura- 
tion refers to blockage of the barrel by the projectile, 
or, in the case of shotguns and some flare pistols, by 
wadding. In firearms, it is usual for the obturation to 
be essentially complete. This may be achieved by the 
use of wadding, or by deformation of the tightly fit- 
ting projectile by the initial impact of the expanding 
gases from the burning propellant. In contrast, with 
firework mortars, the shell is a relatively loose fit in 
the mortar, allowing some of the hot gases from the 
burning lift charge to bypass the shell. High-speed 
photography of the firing of a firework shell shows 
fire emerging from the mortar muzzle before the aer- 
ial shell, a consequence of the incomplete obturation 
of the mortar tube by the shell. 


OCCUPATIONAL SAFETY AND HEALTH ADMIN- 
ISTRATION (US) -— (Abbreviated OSHA) — An agency 
of the US government that has established regulations 
for safety and health in the workplace. This includes 
the manufacture and use of explosives and fireworks. 
For more information see: www.osha.gov 


OCCUPIED BUILDING — See building type. 
n-OCTADECANOIC ACID — See stearic acid. 


OCTAVE — The interval between two frequencies that 
are in the ratio of 1:2. It is commonly used to de- 
scribe the frequencies of sound in the audible range, 
such as when making noise level measurements. 


OCTET OF ELECTRONS — A set of eight electrons (as 
four pairs) that constitutes the outermost energy level, 
or shell, of all of the noble gases except helium, the 
outer shell of which is completely filled with just one 
pair of electrons. In chemical bond formation, atoms 
involved in forming bonds achieve completely filled 
outer shells, in most cases this is an octet of elections. 


OCTOGEN -— See cyclotetra-methylene tetranitramine. 


OCTOL — A mixture of octogen (cyclotetra-methylene 
tetranitramine) and TNT (trinitro-toluene). For a 
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70/30 mixture at a density of 1.80 g/cm’, the detonation 
velocity is 27,500 feet per second (8380 m/s), and its 
heat of explosion (H20()) is 4500 kJ/kg. 


OCTOPUS SHELL — See aerial shell name and descrip- 
tion (specific). 


OD — Abbreviation for outside diameter. 


ODD ROCKET — (Also oddrock) — An amateur rocket 
with a non-traditional shape, such as a cone, pyramid, 
tetrahedron, saucer or other non-aerodynamic form. 
The challenge of building an odd rocket is to get an 
inherently unstable airframe shape to fly stably. This 
may be accomplished with motor placement, ballast 
weight or both (see rocket flight stabilization method). 
Two examples of odd rocket designs are shown below. 


Photo Credit: Jim Livingston 
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ODOR THRESHOLD (industrial hygiene) —(Abbreviated 
OT) — The lowest concentration of a chemical in air 
that most people can detect by smell. If the odor 
threshold is less than the threshold limit value (TLV), 
then the odor provides warning of the presence of the 
chemical before adverse health effects are expected 
from continued exposure. If the odor threshold is 
greater than the threshold limit value, then the chemi- 
cal may already produce adverse health effects before 
the odor can be detected. 


OGIVE — A shape that is defined by the partial intersec- 
tion of two circles to pro- 

duce a point. (It is not the 

same as a parabola, which 

always has a rounded tip.) 

An ogive shape is illustrat- 

ed at the right. 


In rocketry: An ogive shape, in three dimensions, is 
commonly used in a subsonic nose cone that produces 
low drag. In cross-section, it is a curve, usually tan- 
gent to the body, with its length expressed in body 
diameters or calibers. A length of 3 to 4 calibers pro- 
duces a fairly low drag for most amateur rocket ve- 
locities. The tip is usually rounded slightly, rather 
than being left sharp. 


OHM — (Symbol: Q) — The derived SI unit of electrical 
resistance. One ohm is that amount of resistance re- 
quiring the application of one volt (V) to produce a 
current of one ampere (A): 


1Q=1V/A 
OHMIC HEATING -— See resistive heating. 


OHMMETER —- An instrument used for the direct 
measurement of electrical resistance. This is usually 
accomplished by measuring the current flowing 
through an unknown resistance under the application 
of a known voltage. Then, using a calibration con- 
stant, based on Ohm’s law, a resistance reading is 
produced. 


In fireworks: Often an ohmmeter is built into an elec- 
trical firing panel, in which case (in the US) the cur- 
rent applied by the ohmmeter must be the lesser of 
0.05 ampere or 20% of the no-fire current of the elec- 
tric matches being used. 


OHM’sS LAW —- A mathematical equation named after 


Georg Ohm (1789-1854), a German physicist. The 
equation describes the relationship between voltage 
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(£), electric current (/) and resistance (R) in an elec- 
tric circuit. Specifically: 


E=IxR 


Thus, a potential of one volt is sufficient to cause a 
current of one ampere to flow in a circuit that has a 
resistance of one ohm. Ohm’s law can be rewritten in 
its algebraically equivalent forms as: 

[= a or R= = 

R I 

This allows one to calculate the current that will flow 
in, or the resistance of, an electric circuit, respectively. 
For examples using Ohm’s law in calculations for 
electric firing circuits, see the entry wire resistance. 


OIL OF VITRIOL — See sulfuric acid. 


OIL ORANGE — [Ci6Hi2N20] — {CAS 842-07-9} — (Also 
2-hydroxy-1-phenylazo-naphthalene, 1-(phenylazo)- 
2-naphthol, benzene-1-azo-2-naphthol, Calcogas or- 
ange NC, Campbelline oil orange, Ceres orange R, C.I. 
solvent yellow 14, C.I. 12055, and many trade names 
assigned by various manufacturers.) 


An oil-soluble dye useful in producing colored smoke. 
It is a reddish-orange or dark-orange powder. 


Structural 
formula: 
(see benzene ring) 


a) Code for reference source, see preface. 


Health information: TLV: none established; IARC- 
2A: possibly carcinogenic to humans. 


UN hazard classification: not regulated. 

OIL ORANGE SS - See solvent orange 2. 

OIL RED OG — [Ci7Hi4N202] — {CAS 69772-40-3} — 
(Also 1-((2-methoxyphenyl])azo)-2-naphthalenol, 1- 


((2-methoxyphenyl)azo)-2-naphthol, Sudan red G, 
C.I. foodred 16, C.I. Food Red 16, C.I. Solvent Red I, 
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C.I. 12150, Brilliant Fast Scarlet R and many trade 
names assigned by each manufacturer) 


An oil-soluble dye useful in producing colored smoke. 
It is a reddish-orange powder. 


Structural 
formula: 
(see benzene ring) 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV: none established. According 
to the European Food Safety Authority, oil red G is 
considered genotoxic and/or carcinogenic. It is struc- 
turally related to dyes listed as IARC-3: unclassifiable 
as to carcinogenicity. 


UN hazard classification: not regulated. 


OIL YELLOW — [Ci4HisN3] — {CAS 60-11-7} — (Also 
4-(dimethylamino) azobenzene, N,N-dimethyl-4- 
(phenylazo)aniline, brilliant oil yellow, butter or me- 
thyl yellow, C.I. Solvent Yellow 2, C.I. 11025, and 
many trade names assigned by each manufacturer) 


An oil-soluble dye useful in producing colored smoke. 
It is a bright (slightly reddish) yellow powder. 


Structural 
formula: 
(see 
benzene 


ring) 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV: none established. Oil Yellow 
is carcinogenic in rats and in dogs. 
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UN hazard classification: PSN: toxic solids, organic, 
n.o.s. (4-dimethylaminoazobenzene); HC: 6.1 — poi- 
son inhalation hazard (UN2811). 


OLEFIN or OLEFINE (chemical class) — See alkene. 
OLYMPIC RELAY TORCH — See torch, Olympic relay. 
OLYMPIC TORCH (rocketry)—See land shark (rocketry). 


OMNI-DIRECTIONAL SHORT CIRCUITER or OMNI 
SHORT CIRCUITER — See short circuit effect (short 
circuit preload). 


0-MNT — Abbreviation for ortho-mononitro-toluene. 


ONE DIMENSIONAL FLOW -— The situation in a fluid 
flow wherein the variation of all properties of a fluid 
can be neglected in any direction normal (i.e., per- 
pendicular) to the axis of flow. Many problems in 
rocket science can be simplified by assuming one- 
dimensional flow. 


OPAQUE - The property of a material when no light 
(or some other radiation such as X-rays or even 
sound) can pass through it. This is in contrast with 
materials that are described as: transparent, for which 
most of the incident radiation passes through with lit- 
tle or no scattering (in the case of visible light, ob- 
jects can be seen clearly through the material); and 
translucent for which radiation is transmitted, but 
with much scattering (in the case of visible light, ob- 
jects cannot be seen clearly through the material). 


OPEN BURNING — The burning of any material where- 
in the products of combustion are emitted directly in- 
to the ambient air without exiting the area by passing 
through a stack (i.e., chimney) or port from an en- 
closed combustion chamber. Within this context, 
burning may include combustion that does not pro- 
duce a flame, such as smoldering (e.g., the burning of 
a cigarette). 


For regulatory purposes: If air is used to support the 
combustion of a burmming material, that air supply 
must not be drawn from any area where combustible 
gases or combustible dusts may be present. In some 
instances, the open burning of small quantities of 
some materials may be exempted from regulation 
(e.g., the smoking of a cigarette on stage as part of a 
production). 


OPEN CIRCUIT — An electric circuit in which there is 
no continuous path through which an electric current 


Encyclopedic Dictionary of Pyrotechnics 


can flow. For example, an open circuit cannot fire an 
electric match because no current can flow. 


Electric Match Head 


i Open Circuit 


Leg Wire \ 


Often an open circuit is the result of an error in con- 
necting the wiring, such as when wires fail to make 
electrical contact or have accidentally been pulled 
apart or broken. Normally, an open circuit has near 
infinite electric resistance. Thus, an open circuit does 
not have electrical continuity, a condition that can be 
determined using a continuity or resistance tester. 


OPEN FLAME — The burning of any material that pro- 
duces primarily gaseous reaction products and 
evolves heat and light, when those products of com- 
bustion are emitted directly into the ambient air. 


Within this context, burning excludes combustion 
that only produces smoldering (e.g., the burning of a 
cigarette) as opposed to producing a flame (e.g., the 
burning of a cigarette lighter). Further, it is not con- 
sidered to be an open flame if: (1) the flaming com- 
bustion is taking place in an enclosed chamber, (2) 
the air used to support the combustion is not be 
drawn from an area where combustible gases or dusts 
may be present, and (3) the combustion products either 
pass through a sealed stack or chimney leading to the 
outdoors or are cooled by some means (to less than 
the ignition temperature of any potential fuels in the 
area) before entering the ambient air. 


OPENING SALVO (fireworks) — See barrage, firework. 


OPERATIONAL SHIELD — See safety equipment (gen- 
eral). 


OPERATOR (pyrotechnic) — A general term that can 
refer to a firework display operator or a pyrotechnic 
special effects operator. 


OPTICAL ABSORPTION — See absorption, energy. 


OPTICAL PYROMETER —- A device used to measure 
the temperature of an incandescent-radiating body by 
comparing its brightness over a selected wavelength 
interval (within the visible spectrum) with that of a 
standard source. Typically, the source used for com- 
parison is a tungsten filament. 
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OPTIMUM EXPANSION — The expansion provided by a 
divergent rocket motor nozzle in which the exit pres- 
sure equals the ambient atmospheric pressure. In that 
case, the rocket motor’s thrust coefficient will be op- 
timized. Since atmospheric pressure is a function of 
elevation, a nozzle can provide optimum expansion at 
only one elevation and one chamber pressure. Any 
deviation in ambient and/or chamber pressure results 
in a less than optimum thrust coefficient. 


OPTIMUM LIFTOFF WEIGHT and OPTIMUM MASS — 
See liftoff mass. 


ORANGE BOOK -— Jargon for the book ‘UN Classifica- 
tion and Testing of Dangerous Goods’. In the US, it 
also is jargon for the published regulations of the Bu- 
reau of Alcohol, Tobacco, Firearms and Explosives. 
In both cases, this is because traditionally the cover 
of the book is orange. 


ORANGE FLAME CHEMISTRY — See colored-flame 
chemistry. 


ORBIT — A gravitationally curved path taken by one 
object moving around another. 


ORBITAL — See quantum theory. 


ORDER OF MAGNITUDE — A factor of 10. Two quan- 
tities of the same kind that differ by less than a factor 
of 10 are said to be of the same order of magnitude. 
Similarly, two quantities differing by a factor of ap- 
proximately 100 or 1000 can be said to differ by two 
or three orders of magnitude, respectively. Also, two 
quantities may be described as differing by several 
orders of magnitude, meaning that the difference in 
the quantities is very great. 


ORDNANCE — See munition. 


ORGANIC — An adjective originally applied to materials 
produced by or from biologic organisms; now a gen- 
eral term for compounds of carbon, excepting only a 
few very simple compounds. 


In chemistry: Organic compounds may be naturally 
occurring substances or wholly synthetic chemicals. 
The most common organic compounds include hydro- 
carbons (such as propane and gasoline) and carbohy- 
drates (such as starches and sugars). Organic materials 
do not include pure carbon such as graphite, carbides, 
carbon monoxide, carbon dioxide, carbonates or cya- 
nides. These carbon-containing materials are described 
as inorganic carbon materials. 
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In pyrotechnics: Some common, non-metallic fuels 
are organic chemicals (for example, sucrose, lactose 
and hexamine) or mixtures of organic chemicals (for 
example, red gum and shellac). Essentially all poly- 
meric materials (those composed of polymers) used 
in pyrotechnics are organic chemicals. Examples of 
polymeric materials include hydroxyl-terminated 
polybutadiene (a fuel and binder in rocket propel- 
lants), polyvinyl chloride and Saran™ resin (chlorine 
donors for colored flames). 


ORGANIC CHEMICAL NAME -— See chemical name, 
organic. 


ORGANIC NITRATE - See nitrate, organic. 


ORGANIC PEROXIDE — See Globally Harmonized Sys- 
tem of Classification and Labeling of Chemicals. 


ORIENTAL AERIAL SHELL FIRING — See aerial shell 
firing, traditional Japanese. 


ORIENTAL-STYLE AERIAL SHELL -— See Japanese- 
style aerial shell. 


ORIENTED STRAND BOARD — (Abbreviated OSB) — 
(Also waferboard or Sterling board (in the UK and 
Ireland)) — An engineered wood product formed by 
layering flakes (i.e., strands) of wood in a specific 
orientation. It may have a rough, variegated surface 
appearance with the individual strands (approximately 
1 by 2 in., 25 by 50 mm) lying unevenly across each 
other. 


Depending on how the material is manufactured, it 
can vary in thickness, panel size, strength and rigidity. 
It is water-resistant, but it requires additional protec- 
tive coating to achieve impermeability to water and is 
generally not recommended for exterior use. It has 
properties similar to plywood, but it is less expensive 
and somewhat less strong. 


In fireworks: Oriented strand board has been used in 
fireworks for the construction of mortar racks and 
troughs and in other applications in place of plywood. 
ORPIMENT -— See arsenic(III) sulfide. 
ORTHOBORIC ACID — See boric acid. 


ORTHO-MONONITRO-TOLUENE — See mononitro- 
toluene. 


OSB — Abbreviation for oriented strand board. 
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OSC — Abbreviation for omni-directional short cir- 
cuiter or omni-short circuiter. See short circuit effect 
(short circuit preload). 


OSCILLATING (fireworks) — Describes pyrotechnic 
combustion that alternates between two distinctly dif- 
ferent burn rates in a regular manner. Examples of 
oscillating combustion are the burning of strobe ef- 
fects, pyrotechnic whistles and spit devils. 


OSCILLOSCOPE — An instrument that produces a visual 
representation of changes in voltage as a function of 
time; an example is shown below. 


Most modern oscilloscopes are digital in nature and 
have data storage capability. This makes them ideal for 
recording data for use in various analyses. One such 
study was the measurement of peak-internal mortar 
pressure as a function of shell size. A reasonably typ- 
ical example of the type of data produced, using a pi- 
ezoelectric transducer to monitor pressure as each 
shell was fired, is presented below. The total span of 
time from to to tr in these measurements is approxi- 
mately 0.04 second and the peak pressure averaged 
approximately 14 psi (100 kPa) per shell inch (25 mm). 


o Electric 
Match Exit 
® Ignition 
oO 
Ss 
3 
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Another example of data recorded using an oscillo- 
scope is that of a blast wave (presented below) pro- 
duced by the explosion of a 3-inch (75-mm) salute. 


Over Pressure 
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OSHA — Abbreviation for the US Occupational Safety 
and Health Administration. 


OT (industrial hygiene) — Abbreviation for odor 
threshold. 


OUNCE — (Abbreviated oz.) — An English unit of mass 
or volume Confusingly, there are two such units of 
weight in common usage: the avoirdupois ounce, still 
commonly used in the US that equals 28.35 grams, 
and the troy ounce, internationally used for precious 
metals that equals 31.10 grams. Historically, many 
more different units of mass have been called ounce. 
The following conversion table applies to the avoir- 
dupois ounce: 
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The use of an ounce as a unit of volume (as in fluid 
ounce) is still encountered, and here again there are 
two units: the Imperial (i.e., British) fluid ounce is 
equal to about 28.4 mL; the US fluid ounce is a little 
larger, at about 29.6 mL. 


OUTBOARD MOTOR (rocketry) — The outer (as op- 
posed to central) motor(s) ina cluster of rocket motors. 


OUTDOOR MATCH — See match, storm and match, wa- 
terproof. 


OUTER PRODUCT - See vector product. 


OUTSIDE DIAMETER — (Abbrevi- 
ated OD) — The diameter meas- 
ured across the outside ofa tube or 
sphere, as illustrated at the right. 


OVER BREAK — See back break. Wall 
Thickness 
OVEREXPANSION — In a rocket 
motor, thrust is produced by two different means, 
which sum to produce the overall thrust (F). First is 
what may be described as momentum thrust (the first 
term below) and second is pressure thrust (the second 
term): 


F=(tn-v,)+(B-P)A, 
Here, m (m-dot) is the mass flow rate (dm/dt) of the 
working fluid (i.e., combustion products) through the 


nozzle, v. is the exhaust velocity of the working fluid, 
P-is the nozzle exit pressure (absolute), P. is the local 
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(ambient) atmospheric pressure (absolute), and A, is 
the nozzle exit area. 


If the rocket motor is operated with a nozzle exit 
pressure less than the local (ambient) pressure, the 
pressure thrust term (above) will be negative, and 
thus acts to reduce the overall thrust force. This con- 
dition is commonly described as overexpansion. In 
severe overexpansion, flow separation will occur 
within the exhaust portion of the nozzle, and the re- 
duction in thrust will be less than predicted by the 
above thrust equation. 


OVER-OXIDIZED — See oxidizer-rich. 
OVERPRESSURE -— See blast wave, air. 


OVERPRESSURE, PEAK — See peak overpressure. 


OXALATE ION — [C20,” ] — (Also 
ethanedioate) — The anion of 
salts of oxalic acid [H2C20,] 
with a charge of negative two: 


Oxalates decompose on heating, but the thermal de- 
composition reaction depends on the metal ion. For 
example, sodium oxalate [NazC2O.] decomposes to 
sodium carbonate [NazCO3] and carbon monoxide 
[CO]: 


NaoC204 + heat > NaxCO;3 + CO 


Silver oxalate [Ag2C20.4] explosively decomposes to 
metallic silver[Ag] and carbon dioxide [COz]: 


AgoC.04 > 2 Ag + 2 CO + heat 


Iron(I]) oxalate [FeC204] decomposes on heating to 
form iron(II) oxide [FeO], carbon monoxide [CO]and 
carbon dioxide [CO]: 


FeC20,4 + heat > FeO + CO + CO, 


This reaction is interesting in that the iron(II) oxide 
produced by this reaction can be spontaneously 
flammable in air (1.e., it is pyrophoric). 


In fireworks: Sodium oxalate is a one of the few non- 
hygroscopic sodium flame color-agents. It is useful 
for yellow flames and for adjusting the dominant wave- 
length (1.e., shade) of red, orange and green colored- 
flame compositions. Calcium oxalate has been used 
in orange-flame compositions. In addition, oxalates 
are sometimes used as delay agents in glitter compo- 
sitions (see glitter chemistry). 
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OXALIC ACID DIHYDRATE-— [H2C20.:2H20] — {CAS 
6153-56-6} — (Also ethanedioic acid dihydrate) 


Oxalic acid dihydrate has been used as a gas- 
generating substance in day-night marine signals. It 
is also used to make various metallic oxalates, some 
of which are used as flame color-agents and burn-rate 
modifiers in pyrotechnics. It is colorless as crystals 
and white as a powder. 


Structural formula: | H-OW 7O-H 
(anhydrous form) 07 a So 


Characteristic (a) 


Formula weight 126.06 g/mol | 1 


(s) = sublimes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 1 mg/m? (TLV is for 
the non-hydrated acid but applicable to both); corro- 
sive to the skin. 


UN hazard classification: PSN: corrosive, solid, acidic, 
organic n.o.s. (oxalic acid dihydrate); HC: 8 (UN3261). 


OXIDANT — See oxidizer. 


OXIDATION — Originally, oxidation was considered to 
be the process of something chemically combining 
with oxygen, such as the rusting of iron to form 
iron(IID) oxide [Fe203]: 


4Fe + 3Q) > 2 FeO; 


Under this older definition, iron is oxidized simply 
because it combines with oxygen. 


This original definition has since been expanded to 


cover a much wider group of chemical reactions, of 


which combination with oxygen is but one example. 
Oxidation is now defined as any process in which 
there is a loss of electrons from an atom during a chem- 
ical reaction. This transfer of electrons is reflected by 
changes in the oxidation numbers of the atoms in- 
volved. In the above chemical equation, the oxidation 
number for each iron atom goes from zero (0) as the 


neutral iron metal, to +3 as a result of the transfer of 


three electrons, one each to three oxygen atoms. 
Thus, the iron is oxidized. Correspondingly, each ox- 
ygen atom goes from zero (0) to —2, a decrease in ox- 
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idation number. Thus, the oxygen atom is described 
as being reduced (the opposite being of oxidized). 


Consider the reaction of zinc and sulfur: 
Zn +S > ZnS 


With this broader definition of oxidation, since there 
is an increase in oxidation number, this is also an ex- 
ample of oxidation. It is oxidation because the oxida- 
tion number of zinc goes from zero (0), as the neutral 
metal, to +2 in zinc sulfide (1.e., each zinc atom has 
transferred (lost) two electrons to sulfur during the 
course of the reaction). 


OXIDATION NUMBER - (Also oxidation state) — The 
electric charge (assigned according to the convention 
that the charge on an electron is —1) that an atom in a 
molecule or ionic group would have if the electrons 
in each of its bonds were assigned to the most elec- 
tronegative atom. Oxidation numbers can be useful in 
understanding oxidation-reduction reactions. In prac- 
tice, oxidation numbers can usually be assigned by 
applying the following set of rules: 


e An uncombined atom (or an atom combined only 
with itself) is assigned the oxidation number of zero. 
For example, Al in aluminum metal and O in an oxy- 
gen molecule [O2] both have an oxidation number of 
Zero. 


e The oxidation number of a monatomic ion is equal to 
its charge. For example, in sodium chloride, sodium 
[Na*] has an oxidation number of +1 and chlorine 
[CI] has an oxidation number of —1. 


eIn a covalently bound compound, each atom is as- 
signed an oxidation number equal to the resulting 
charge on the atom after each shared electron pair is 
credited to the more electronegative of the two atoms 
of the chemical bond. For example, in carbon dioxide 
[O=C=O], oxygen is the more electronegative (3.44 
for oxygen versus 2.55 for carbon). Thus, the two 
electrons that each carbon atom contributed to each 
(double) bond are assigned to an oxygen atom. This 
gives each oxygen atom —2 as its oxidation number 
and the carbon atom has a balancing +4 oxidation 
number. 


e The oxidation number of an element in a compound 
can usually be deduced from the known oxidation 
numbers of the other elements in that compound and 
the requirement that the sum of the oxidation num- 
bers equals the charge on the compound. For exam- 
ple, in the perchlorate ion [ClO4 ], oxygen is the more 
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electronegative atom (3.44 versus 3.16 for chlorine); 
thus, assigning each oxygen atom has its typical oxi- 
dation number of —2, gives the oxidation number of 
chlorine as — (—2 x 4) = -8, less the -1 charge carried 
by +8 the perchlorate ion. Thus, the oxidation number 
in the perchlorate ion is found to be +7. 


OXIDATION/REDUCTION REACTION (chemistry) _ 
See chemical reaction type. 


OXIDATION STATE — See oxidation number. 


OXIDE — Typically, an inorganic chemical compound 
consisting of an element combined with oxygen. For 
example, magnesium oxide [MgO] is a magnesium ion 
[Mg*"] bound to an oxide ion, (i.e., an atom of oxygen 
that has acquired two extra electrons [O* ]); carbon 
dioxide [CO2, or O=C=O] is an atom of carbon cova- 
lently bound to two atoms of oxygen. If an oxygen 
atom in an oxide is also bound to another oxygen atom, 
the compound is described as a peroxide; for example, 
barium peroxide [BaO ] is a barium ion [Ba”*] bound 
to a linked pair of oxygen atoms bound to each other 
[O=O7 }. 


Some organic compounds are also described as ox- 
ides; for example, 1,2-epoxyethane is also known as 
ethylene oxide. 


The products of combustion (pyrotechnic or other) are 
very often oxides. 


OXIDIZER — (Also oxidant or oxidizing agent) — Any 
material that can cause another material to become 
oxidized. In a pyrotechnic composition, the role of an 
oxidizer is to cause the exothermic oxidation of a fuel 
(1.e., a reducing agent). 


Originally, oxidation meant the reaction of a sub- 
stance combining with oxygen, but in modern chem- 
istry, the meaning is much broader. Oxidation can still 
mean the addition of oxygen to an atom or molecule. 
Now it can also mean the addition of any more elec- 
tronegative element to an atom or molecule. 


Oxidizers always contain atoms that readily acquire 
electrons. In the oxidation process, these oxidizing 
atoms gain electrons (resulting in their oxidation 
numbers being decreased, i.e., they are reduced). At 
the same time, atoms of the material being oxidized 
lose electrons (resulting in their oxidation numbers 
being increased). 


The classic example of an oxidizer is oxygen gas [Oz]. 
When magnesium [Mg] burns in air (1.e., oxygen) to 
form magnesium oxide [MgO], the reaction is: 
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2Mg + Oo. > 2 MgO 


Before the reaction, each oxygen atom in the diatomic 
oxygen gas molecule has six outer electrons (see 
quantum theory). Four of these electrons are shared 
between the two oxygen atoms, linking them together 
ina pair of covalent bonds (also described as a double 
bond). In the burning of magnesium in oxygen to 
form magnesium oxide, each oxygen atom acquires 
two electrons from a magnesium atom to become an 
oxide ion [O* ], in which the oxygen atom has a full 
set of eight outer electrons. At the same time, each 
magnesium atom loses two electrons to become a 
magnesium ion [Mg”']. Solid magnesium oxide is an 
array of magnesium ions and oxide ions held together 
electrostatically (i.e., by ionic bonds). 


In determining oxidation numbers, neutral atoms are 
assigned a value of 0, and single atom ions are as- 
signed a value equal to their charge. Thus, in the above 
example, each magnesium atom has been oxidized 
(by having lost two electrons) with its oxidation 
number increasing from 0 to +2. Each oxygen atom 
has been reduced (by having gained two electrons) 
with its oxidation number decreasing from 0 to —2. 


Another classic example of oxidation occurs when 
carbon [C] burns in sufficient oxygen to form carbon 
dioxide [COs]: 


C+ Or. > CO 


In this process, each carbon atom shares two of its 
four outer electrons with each of two oxygen atoms; 
in return, each oxygen atom shares two of its outer 
electrons with the carbon atom. The four-shared pairs 
of electrons act to bind the groups of three atoms to- 
gether as a molecule, with four covalent bonds (two 
pairs of double bonds). 


In pyrotechnics, it is common to describe an oxidizer 
as a material that can provide oxygen for the combus- 
tion of another substance (a fuel), for example, the 
common oxidizers, potassium nitrate [KNO3] and po- 
tassium perchlorate [KClO,4]. However, that defini- 
tion is too narrow. For example, consider an example 
of an early amateur rocket propellant, a mixture of 
zinc dust [Zn] and sulfur [S]. When this propellant 
burns, the reaction is similar to the earlier example 
reaction between magnesium and oxygen: 


Zn+S > ZnS 


In this case, sulfur is the oxidizer because its atoms 
gain electrons in the reaction, and zinc is the fuel 
having been oxidized because its atoms lose elec- 
trons. It is more common for sulfur to act as a fuel, a 
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reducing agent, in reactions similar to the above reac- 
tion between carbon and oxygen. 


Another example of a non-oxygen oxidizer is in the 
reaction between polytetrafluoroethylene (PTFE, Tef- 
lon™) [(CF2)n] and magnesium to form magnesium 
fluoride [MgF2], which is used in military decoy flares: 


(CF2)n + nMg > nMgF2 + nC 


In this reaction, magnesium is oxidized because each 
magnesium atom loses two electrons to form a mag- 
nesium ion [Mg”"]. Each fluorine atom in the PTFE 
(no longer sharing one of its electrons with a carbon 
atom) gains one of the two electrons from each mag- 
nesium atom to form a fluoride ion [F ]. Following 
the rules for assigning oxidation numbers, the oxida- 
tion number (—1) for the fluorine atoms does not 
change; in this case, fluorine is neither acting as an 
oxidizer nor a fuel. The carbon atoms keep all of their 
electrons to themselves (no longer sharing their elec- 
trons with nor having those bonding electrons as- 
signed to fluorine atoms) and form elemental carbon. 
The oxidation number for the carbon atoms therefore 
changes from +2 to zero (conceptually having gained 
in the assigned number of electrons). Thus, in this 
case, the carbon in PTFE is actually considered to be 
the oxidizer. The magnesium is the fuel as it is oxi- 
dized (having lost electrons). 


Notall oxidizers make their oxidizing atoms available 
at relatively low temperatures. For this reason, an ox- 
idizer may be described as being either a high- 
temperature oxidizer or a low-temperature oxidizer. 
Such classifications provide a guide to the type of 
fuel that is likely to be useful with a given oxidizer. 
A high-temperature oxidizer can be expected to require 
a fuel that undergoes an exceptionally exothermic re- 
action with oxygen, such as aluminum or magnesium, 
to produce a composition capable of self-sustaining 
combustion. 


OXIDIZER, HIGH-TEMPERATURE — An oxidizer that 
only makes its oxygen atoms available for reactions 
at relatively high temperatures, typically in excess of 
800 °C. Examples of high temperature oxidizers are 
presented farther below. 


For these chemicals to perform as oxidizers, they must 
be combined with an energetic fuel such as aluminum 
or magnesium. 


In fireworks: High-temperature oxidizers, especially 
sulfates, are important in producing typical strobe 
and glitter effects. In glitter effects, the sulfates are 
often formed as an intermediate reaction product. 
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Oxidizer 


a) For information about characteristics and com- 


mon uses, see the specific entry for the oxidizer. 


b) Can also act as a flame color-agent. 


In pyrotechnics: High-temperature oxidizers are im- 
portant in Goldschmidt reactions. 


OXIDIZER, LOW-TEMPERATURE — Usually an oxygen- 


rich, ionically bonded chemical that decomposes at 
moderate temperatures (less than 800 °C) to release its 
oxygen. The released oxygen is then able to combine 
chemically with fuels to produce energy. Examples of 
low-temperature oxidizers are presented below. 


Oxidizer (@) Formula 


a) Forinformation about characteristics and common uses, 
see the specific entry for the oxidizer. 


b) Can also act as a flame color-agent. 


OXIDIZER-RICH — (Also over-oxidized) — Describes a 


pyrotechnic composition or an explosive that has an 
excess of oxidizer over the amount of fuel present. 
Such a material is said to have a positive oxygen bal- 
ance and, upon reacting, will produce less energy 
than that generated by a composition in which neither 
oxidizer nor fuel is in excess. 
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OXIDIZER TO FUEL RATIO — EFFECT ON BURN RATE 
— See burn rate, factor affecting. 


OXIDIZING AGENT — See oxidizer. 


OXIDIZING GAS, OXIDIZING LIQUID and OXIDIZING 
SOLID — See Globally Harmonized System of Classi- 
fication and Labeling of Chemicals. 


OXONITE — See Sprengel explosive. 


OXYGEN — [O2] — (IUPAC dioxygen) — {CAS 7782- 
44-7} — (Abbreviated LOX when liquefied) 


A gaseous chemical element, atomic number 8. Oxy- 
gen, when liquefied, is frequently used as the oxidizer 
in liquid-fueled rocket engines. When mixed with 
some solid fuels, oxygen has occasionally found use 
as an explosive. It is a colorless gas that forms about 
21% of dry air by volume. Liquid oxygen is a cryo- 
genic (i.e., extremely cold), pale blue liquid. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health and hazard information: TLV: none estab- 
lished. Liquid oxygen evaporates and spontaneously 
generates huge volumes of gaseous oxygen, which dis- 
places the surrounding air. In poorly ventilated places, 
the increased oxygen content of the local air may se- 
verely increase the risk (and consequences) of a fire. 
Combustible materials soaked in liquid oxygen burn 
violently or explode upon ignition. Extreme pressures 
will develop in sealed containers of liquid oxygen, 
leading to the bursting (i.e., the mechanical explosion) 
of the vessel. On contact with the skin, liquid oxygen 
can immediately produce frostbite. 


UN hazard classification: PSN: oxygen, refrigerated 
liquid (cryogenic liquid); HC: 2.2 — non-flammable 
gas (UN1073). 


OXYGEN BALANCE — The theoretical percentage of 
oxygen in an explosive, or the ingredients of an ex- 
plosive, needed to produce ideal reaction products 
(usually specified as carbon dioxide, water vapor and 
free nitrogen). A mixture containing excess oxygen 
has a positive oxygen balance. One with excess fuel has 
a negative oxygen balance. Both positive and nega- 
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tive oxygen balances are typically expressed as a per- 
centage. For example, TNT has a 74% negative oxygen 
balance (1.e., it is quite fuel-rich). Upon explosion, 
TNT produces some black smoke from carbon pro- 
duced in the reaction. This is in contrast to the visible 
products from a typical oxygen balanced CHNO high 
explosive, which consist of tiny condensed water 
droplets that appear white. 


OXYGEN BOMB CALORIMETER — See calorimeter, 
bomb. 


OXYGEN GENERATOR and OXYGEN CANDLE — (Also 
chlorate candle) - Commonly a device used to pro- 
vide a supply of breathable oxygen. Oxygen genera- 
tors are used for supplying emergency oxygen to pas- 
sengers on commercial aircraft when there has been a 
loss of cabin pressure. They are also used in space- 
craft and in some self-contained breathing apparatus. 
Pyrotechnic oxygen generators have the advantages 
over compressed-gas systems, of compactness, sim- 
plicity and especially of very long-term reliability 
(typically measured in tens of years). 


Formulations for two oxygen-generating compositions 
are presented below (Ellern, 1968). 


a) To the nearest percent. 
b) Sodium chlorate [NaClO3] {CAS 7775-09-9}. 


c) The steel wool has replaced the iron powder used in 
earlier compositions. 


d) Lithium perchlorate [LiClO4] {CAS 7791-03-9}. 
e) Lithium peroxide [LizO2] {CAS 12031-80-0}. 


The minimal fuel (steel wool) in formulation 1 is suf- 
ficient because the decomposition of sodium chlorate 
is already exothermic on its own. 


Historical: A detailed history of these devices was pre- 
sented by William H. Schechter, et al. (1950). Oxy- 
gen generators developed for the US military during 
World War II were based on the thermal decomposition 
of sodium chlorate in a highly oxidizer-rich mixture 
of sodium chlorate and iron. Barium peroxide was in- 
cluded in the mixture to remove traces of chlorine 
(produced in side reactions) by the reaction: 
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BaO + Ch > BaCh + Or 


Notable later developments included the replacement 
of sodium chlorate with lithium perchlorate, which 
contains a much greater percentage of oxygen, dis- 
closed by American inventors Paul R. Gustavson and 
Roman R. Miller in US Patent 3,174,936 (1965), and 
replacing barium peroxide with the corresponding 
lithium compound, as disclosed by American inventor 
Meyer M. Markowitz in US Patent 3,293,187 (1966). 
Markowitz also recommended the use of powdered 
manganese as the fuel, as the manganese oxides pro- 
duced during its combustion catalyzed the decompo- 
sition of the lithium perchlorate. 


The oxygen produced by oxygen-generating pyro- 
technic compositions may be contaminated by aerosols 
of solid combustion products and by traces of noxious 
gases. The oxygen generators developed during World 
War II included means for filtering and purifying the 
oxygen to make it fit for breathing. Details are dis- 
closed in US Patent 2,558,756 (1951) by American 
inventors Carey B. Jackson and Robert M. Bovard. A 
more recent pyrotechnic oxygen generator that incor- 
porates means for ensuring that the generated oxygen 
is fit for breathing was disclosed, for example, in US 
Patent 5,772,976 issued in 1998 to American inven- 
tors Arthur Cortellucci, Itamar Boden, Roy J. Grabski 
and James R. Valentine and assigned to US corporation 
Figgle International, Inc. Yet another is disclosed in 
International Patent Application WO 2009/030921 
A2 by British inventors Amanda Crudace, Mark Harris 
and Anthony Suen and assigned to UK company Mo- 
lecular Products Group PLC. 


oz — Abbreviation for ounce. 
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P — The symbol for: pressure, probability and poise 
and for the chemical element phosphorus. 


Pa — The symbol for pascal, the SJ unit for pressure. 


PACIFIC ROCKET SOCIETY — (Abbreviated PRS) —A 
rocket organization that experiments with both solid 
and liquid-fueled advanced, high-power rockets. The 
organization was started in the 1950s, predating the 
classification of amateur rocketry in its current form. 
The Pacific Rocket Society launches in the Mojave 
Desert from facilities leased from the Reaction Re- 
search Society. For more information see: 
www.translunar.org/prs 


PACIFIER — See chemical inhibitor. 


PACKING FRACTION — The ratio (or percentage) of 
occupied-space to void-space in a given volume of 
material. For example, when spheres of uniform di- 
ameter are packed into a container substantially larger 
than an individual sphere, approximately 74% of the 
total volume will be occupied by the spheres, thus 
74% or 0.74 is the packing fraction. In this case, the 
voids between and around the spheres will consist of 
approximately 26% of the total volume. 


One way to fill a larger portion of a volume with par- 
ticles is to use material with arange of particle sizes. In 
this way, the medium-size particles can occupy the 
space between the larger particles, and the smallest par- 
ticles can occupy some of the remaining void spaces. 
For example, in compounding high-performance com- 
posite rocket propellants, it is common to use three dif- 
ferent particle sizes of ammonium perchlorate to in- 
crease its final packing fraction to approximately 
90%. Such a deliberate mixture of particle sizes may 
be described as a multimodal (or more specifically in 
this case, as a trimodal) particle distribution. 


In air, assuming the density of air can be ignored, the 
packing fraction (f,) of a powder can be determined 
by comparing the grain density (pg) and bulk density 
(p») (see density) of the material: 


ie a Ps i Ps 
P.A.C. ROCKET -— See rocket, p.a.c. 
PAD — Abbreviation for propellant-actuated device. 


PAD or PADDING (rocketry) — See blanket. 
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PAD-START ROCKET MOTOR -— See rocket motor, 
pad-start. 


PAINT GRADE ALUMINUM — See aluminum bronze 
powder. 


PALM TREE SHELL -— (Also palm burst or palm tree 
effect) — An aerial shell producing a display that 
somewhat resembles the shape of a palm tree. The 
aerial shell contains relatively few large stars (usually 
12 to 30) that burn to leave thick, dense trails — usually 
orange (gold) or white (silver). Most, but not all, 
palm tree shells also have an attached rising-effect 
comet that traces the trajectory of the shell from the 
time it leaves the mortar until it breaks, thus resem- 
bling the trunk of the palm tree. 


An example of a palm tree shell is shown below. Of- 
ten the shell burst will be weaker than in this picture, 
so that the comets forming the fronds of the tree arch 
downward, producing an effect more reminiscent of 
an actual palm tree. 


Photo credit: Lansden Hill, Pyro Shows, Inc. 


PAM — Abbreviation for polyalpha-methylstyrene. 


PANCAKE (explosives) — A flat spiral of detonating 
cord that may be used as a special effect to inflict ex- 
treme explosive damage to a structure on command. 
A series of pancakes may also be used in the produc- 
tion of the wall of fire special effect. 


PANCAKE SHELL — See aerial shell name and descrip- 
tion (specific). 


PANCLASTITE — See Sprengel explosive. 
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PAN MORTAR - (Also dish mortar) — A shallow device 
(i.e., mortar) used to contain and project various spe- 
cial effect materials such as ChemF/X or Cremora 
(see Cremora™ mine) when used to produce a fire- 
ball. Because the walls of the pan mortar extend only 
a short distance upward and 
may actually be angled 
outward, the effect pro- 
duced does not extend to a 
great height above the mor- 
tar. A pan mortar made 
from the end of a pressure 
tank (1.e., gas cylinder) is 
shown at the right. 


Another type of pan mortar is made with a flat bot- 
tom and typically four short, upward-sloping walls. 
This type of pan mortar may be described as a trape- 
zoidal mortar. 


PANTHER FELT™ — See fire resistant covering. 


PAPER — A relatively smooth product consisting of 
sheets of various types of cellulose fibers and other 
additives. The surface of pasted kraft paper, in which 
cellulose fibers can be seen, is shown in the electron 
micrograph below 


Papers are broadly classed as either fine or coarse. 
Fine papers are typically used for writing or printing. 
Coarse papers are typically used for packaging. 


In fireworks: Fine papers include gampi tissue paper 
and glassine paper. Coarse papers used in making 
fireworks include chipboard, containerboard, kraft 
paper and tagboard. 


PAPER AERIAL SHELL CASING -— See shell casing, 
aerial. 


PAPER BASIS WEIGHT — (Also substance weight or 
bias weight) — A measure of the thickness and density 
of various papers. For kraft paper, it is the weight in 
pounds of 500 sheets of paper 24 x 36 inches (610 x 
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915 mm), which equals 3000 square feet (279 m’). 
The basis sheet size is not the same for all types of 
paper. This can make it difficult to compare the 
weights of different types of paper. 


There is an interesting relationship in that 30-pound 
kraft paper is approximately 0.003-inch-thick and 90- 
pound kraft is approximately 0.009 inch thick. 


PAPER, EXTENSIBLE — A type of paper that has the 


ability for much greater linear stretching than ordi- 
nary paper. Extensible paper is made by carrying a 
web of wet paper between two rubber blankets that 
are under tension, and then allowing the blankets to 
relax as they travel through the paper machine. Paper 
made in this manner will stretch as much as 7% in the 
machine direction and 5% in the cross-grain direction. 
Extensible paper is useful for applications requiring 
great flexibility and high-impact strength; one possible 
application would be in forming the lift bag on an 
aerial shell. 


PAPER GRAIN — Refers to the predominant orientation 


of cellulose fibers in paper products. The manufacture 
of paper by machine introduces a modest tendency 
for the cellulose fibers to line up in one preferred di- 
rection, which is the direction of motion of the paper 
as it is drawn from the paper pulp suspension. Ac- 
cordingly, paper on a roll will have its grain running 
along the length of the paper on the roll and not 
across the width of the paper. To some extent, this can 
be seen in a close examination of tears in the paper. 
Cross-gain tears appear more frayed and less clean 
(shown in the left photomicrograph below) than 
along-the-grain tears (right). 


The correct orientation of the grain of paper in making 
aerial shell and rocket casings can be important be- 
cause of the difference in the cross-grain and along- 
the-grain strength. The cross-grain tensile strength is 
approximately 60% of the along-grain tensile strength. 


Handling characteristics also depend on grain align- 
ment. Paper tears (and folds) more easily along the 
grain than it does across the grain. To some extent, 
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this is shown below where the two along-grain tears 
are somewhat straighter than are the two cross-grain 
tears. (The direction of the grain is indicated by the 
red arrow.) 


44 He ee 


ae 
t 


Tot 


When wetted slightly on only one side, paper tends to 
curl such that the curl indicates the direction of the 
grain. A slightly moistened piece of kraft paper is 
shown below, with the red arrow indicating the direc- 


gett 
HE 


FRET 
s Hilt iH 
HEE 


When the grain is unknown, curl upon wetting can be 
used to identify the direction of the paper grain. 


PAPER, KRAFT — See kraft paper. 
PAPER MATCH STRIKER — See magic device. 
PAPER MORTAR - See mortar (fireworks). 


PAPER TUBE TYPE — See convolute wound tube and 
spiral wound tube. 


PARABOLA — The curve formed by the locus of points 
produced by the formula y = x” + c, where c is a con- 


stant. An example of a parabola is illustrated below 
for the case where c = 0. 


Parabola 
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parabolic — Something having the general shape of 
a parabola. In the absence of aerodynamic drag, ob- 
jects thrown into the air follow a parabolic trajectory. 


In fireworks: Even when drag is included, the trajectory 
of an aerial shell is often approximately parabolic. 


In rocketry: A parabolic shape is used to produce rela- 
tively low drag (ogive-like) nose cones. 


PARACHUTE — A device that provides substantial aero- 
dynamic drag force, sufficient to slow the rate of 
travel of an object through the atmosphere. 


In_ fireworks: Parachute shells of great variety are 
readily available from China. In display fireworks, 
bright-white and colored flares can be suspended 
from a parachute and may stay aloft for a relatively 
long time. Parachutes can also be used to suspend 
chains of lights to form an aerial festoon. Even aerial 
waterfalls, small lancework pieces and long-burning 
glitter comets may be suspended from one or more 
parachutes. Parachute shells are used extensively in 
daytime effects where the parachutes may support 
tissue-paper flags, banners or other easily identifiable 
objects. Parachutes are also used in some consumer 
fireworks, which may display many small parachutes 
with brightly colored canopies. 


In firework displays, parachute shells can cause prob- 
lems because the parachute can sometimes fail to open, 
and a long-burning pyrotechnic item may fall to the 
ground while it is still burning. A parachute also can 
easily be carried by the wind a great distance from its 
launch site. 


In amateur rocketry: It is common to use a parachute 
as a key component of a rocket’s recovery system. 


In_ civilian aviation: It is becoming increasingly com- 
mon for small aircraft to be equipped with a substan- 
tial parachute (that can be deployed by a drogue gun, 
see below) for use in the event of a serious in-flight 
emergency. 


parachute canopy — The drag producing surface of 
a parachute that is typically made of a strong light- 
weight fabric or plastic. 


In rocketry: When used for the recovery of an aero- 
model, the canopy may be made of plastic sheeting. 


In fireworks: Typically, the canopy is made of tissue 
paper that has been dusted with talcum powder as a 
lubricant to help ensure the canopy opens properly 
when the parachute is deployed by a weakly-breaking 
aerial shell. 
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auxiliary parachute — (Also reserve parachute) — 
A parachute, typically smaller than the main para- 


chute, which is used as a backup in an emergency if 


the main parachute fails to deploy properly. Occa- 
sionally, an auxiliary parachute initiates the operation 
of the main parachute; when that is the case, it is 
commonly described as a drogue or pilot parachute. 


drogue parachute — (Also pilot parachute) — A 
small parachute used initially to slow a fast-moving 
object in air, as illustrated below. Because of its 
shape and smaller size, it provides less drag and can 
be deployed at speeds too great for a conventional 
parachute. As an alternative, a drogue parachute may 
be used to deploy a main or reserve parachute and, in 
this use, may be described as a pilot parachute 


Drogue 
Parachute 


Main 
Parachute 


Rocket Body ———> 
and Fins 


drogue gun — A pyrotechnic device designed to expel 
a weight attached to a drogue parachute (or similar 
device), thus deploying the drogue parachute, typically 
for the purpose of slowing a rocket or small airplane 
prior to deploying its main parachute. 


reserve parachute — See auxiliary parachute above. 


parasheet — A parachute-like device made from a 
single flat piece of material (or as few pieces as its 
size will permit), thus avoiding the complex con- 
struction of a normal parachute. A parasheet may be 
used for the recovery device of a model rocket. 


PARACHUTE AND CABLE ROCKET -— See rocket, p.a.c. 


PARACHUTE CHAIN (fireworks) and PARACHUTE 
FESTOON -— See parachute shell. 


PARACHUTE FLARE — See flare, military. 
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PARACHUTE SHELL (fireworks) — An aerial shell that 


breaks weakly to eject a carefully bundled parachute 
(illustrated below in cross section) that then unfurls 
and slowly falls to the ground while suspending a 
visual display of some type. 


Paper Casing 


Folded 
Parachute 


Inert 
Filler 


Small Burst 
Charge 


Burst Expansion 


Chamber 
Time Fuse 


Daylight-parachute shells often display a flag or an 
easily recognizable figure (e.g., a cartoon character) 
made from painted-tissue paper. Alternatively, it may 
display a type of colored-smoke effect (e.g., one or 
more smoke pots). 


For nighttime parachute shells, the effect is often 
composed of one or more relatively long-burning 
flares. An interesting effect is that of an aerial water- 
fall from a shell. A time-exposed photograph of a wa- 
terfall from an 8-inch (200-mm) shell is shown below. 


Photo Credit: Jackie Whedbee 


This effect is produced by attaching several spark- 
producing flares to a cord that is suspended between 
two parachutes. To work properly, the parachutes 
must pull away from each other and thus apply ten- 
sion to the cord between them. 


Parachute shells with attached long-burning pyro- 
technic effects can pose the added risk of starting a 
fire when discharged in windy conditions or if the 
parachute malfunctions. 
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parachute chain — A series of firework devices 
(e.g., flares or colored smokes) suspended from one 
or more parachutes. Two examples are illustrated be- 
low; the example on the right may be described as a 
parachute festoon. 


PARADE SPARKLER — See sparkler. 

PARADE TORCH — See torch (fireworks). 
PARAFFIN MATCH - See match, paraffin. 
PARAFFIN OIL — See paraffin (kerosene). 


PARAFFIN — The alkane class of hydrocarbons, having 
formulas CyHon+2. Similarly, mixtures of alkane hy- 
drocarbons of various molecular weights, obtained 
from petroleum during refining, are often described 
as types of paraffin oil, paraffin wax or other com- 
mon names (see below). Refined paraffins are usually 
colorless; they are insoluble in water. The physical 
state of industrial paraffins extends from quite freely 
flowing liquids to waxy solids, depending on the 
range of molecular weights. Though somewhat unre- 
active by themselves, paraffins readily burn in air. 
Paraffins find various uses in pyrotechnics and explo- 
sives. Commonly encountered liquid and solid paraf- 
fins have densities of 0.8 to 0.9 g/cm’. 


kerosene — (Also paraffin or paraffin oil) — A liquid 
fuel sometimes used for flame effects. It may also be 
used to moisten some pyrotechnic compositions, such 
as those used in highway flares (fusees). Kerosene 
was used in some of the Cheddite explosives. It is 
composed of alkane hydrocarbons [C,H2n+2] with n in 
the range from 12 to 15. The boiling point of kero- 
sene 1s approximately 300 to 800 °F (150 to 275 °C) 
and its flash point is in the range of 100 to 160 °F (38 
to 71 °C), both depend on the number of carbon at- 
oms per molecule (i.e., on the value of n). 


mineral oil — (Also liquid paraffin, Nujol™ or med- 
ical paraffin) — A liquid fuel with lubricating proper- 
ties, sometimes used for liquid candles. It is com- 
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posed of alkane hydrocarbons [C,Hon+2| with n in the 
range from 15 to 25. 


paraffin wax — (Also paraffin or candle wax) — A 
solid fuel sometimes used for wax candles and in 
highway flares (fusees). It is composed of alkane hy- 
drocarbons [C,H 2n+2| with n in the range from 20 to 40. 
The melting point of paraffin wax is approximately 
120 to 150 °F (50 to 65 °C) depending on the number 
of carbon atoms per molecule (i.e., on the value of n). 


petroleum jelly — (Also mineral jelly, paraffin jelly, 
soft paraffin, petrolatum or Vaseline™) — A semi- 
solid, colorless or pale-yellow, translucent mass that 
melts from 100 to 139 °F (38 to 54 °C). It is a mixture 
of high molecular weight, solid alkane hydrocarbons 
and low molecular-weight liquid hydrocarbons. It is 
practically odorless and tasteless. It is used in some 
pyrotechnic mixtures and explosives to decrease both 
the sensitiveness (i.e., it acts as a phlegmatizer) and 
to decrease the amount of flash produced. 


PARALLEL BURNING — See burn type, pyrotechnic. 
PARALLEL CIRCUIT — See electrical firing circuit type. 


PARALLEL FUSING or PARALLEL MATCHING — An 
ignition method where one fuse is connected to mul- 
tiple pyrotechnic devices (such as shells or setpieces) 
and ignites the devices nearly simultaneously. 


A single input length of quick match (on the right) 
carries fire to three output lengths of quick match (on 
the left) using a bucket (coin wrapper) as shown below. 


TilsTT as rT no TIT 
Gesee ceed HHNE edd fasseeee te ceeecad tasssszeceeeeeeeteecettazaees 
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Parallel matching contrasts with series fusing in 
which several devices are ignited and fire in se- 
quence, as with the finale chain of aerial shells. 


PARALLEL STAGING (rocketry) — See rocket, multi- 
Stage. 
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PARALLEL-WOUND TUBE — See convolute-wound tube. 


PARAMETER -— Any independently variable quantity in 
a mathematical description, model or problem. The 
term describes those quantities that may be assigned 
more or less arbitrary values for the purpose of the 
problem at hand, rather than the values that result 
therefrom, which are dependent variables. 


For example, in aerial-shell ballistic modeling, some 
of the relevant parameters include initial shell speed 
and direction (i.e., velocity), wind velocity, air density, 
shell mass, shell shape and shell diameter. The de- 
pendent variable is the position of the shell at a given 
time after firing. 


PARA-MONONITRO-TOLUENE — (Abbreviated p-MNT) 
— The para isomer of mononitro-toluene. 


PARA NAPHTHALENE -— See anthracene. 


PARA NITRANILINE, PARA RED or PARA TONER — See 
nitrophenyl-azonaphthol. 


PARASHEET -— See parachute. 
PARASITIC DRAG — See drag force. 


PARASITIC EFFECT -— See aerial shell enhancement 
technique (aerial shell augmentation effect). 


PARIS GREEN — See copper(II) acetate—copper(I]) 
arsenite (1/3). 


PARK CURTAIN — See waterfall. 
PARLON™ — See chlorinated rubber. 


PARLOR FIREWORKS - (Also chemical toys, indoor 
fireworks) — Small pyrotechnic or semi-pyrotechnic 
items intended for use indoors, often as an amusing 
diversion during or after a celebratory meal. Exam- 
ples include party poppers, sparklers, table bombs, 
ice fountains, Bengal matches and some snakes. In 
the US some of these parlor fireworks fall into the 
novelty classification. Small strobe lights and col- 
ored-flame devices have also been developed for this 
application. A package of assorted parlor fireworks is 
shown farther below. 


Formerly, the range of parlor fireworks also included 
items such as Snake in the Grass and erupting volca- 
noes that were based on ammonium dichromate and 
were consequently withdrawn from sale when the 
carcinogenic properties of chromium(VI) compounds 
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Photo credit: www.indoorfireworks.co.uk 


were recognized. Other parlor fireworks included 
snow cones, which were little cones charged with a 
fuel-rich mixture of magnesium powder, wood flour 
and potassium nitrate. They produced floating flocs 
of magnesium oxide, intended to resemble snow. A 
somewhat similar effect, sometimes called Fairy 
Confetti, was produced by subliming metaldehyde, 
whereupon the condensed metaldehyde formed white 
flakes resembling snow or confetti. 


Some parlor fireworks were based on various types 
of treated paper. These included flash paper (see flash 
material), which was absorbent paper that had been 
nitrated and converted to nitrocellulose, and fern paper. 
The latter was folded kraft paper that had been im- 
pregnated with potassium dichromate and potassium 
nitrate. When ignited, it burned to produce a green, 
fern-like ash. Fern paper, being made from a chromi- 
um(VI) compound, is no longer available. Other ex- 
amples of treated paper included little sheets of paper 
that had been printed with invisible images with a so- 
lution of potassium nitrate, which converted the printed 
parts of the paper to touch paper. When ignited, the 
touch paper smoldered away, revealing the image, 
which might be a picture or a written message. Such 
things were sometimes included in Christmas crackers. 


Occasionally, the relatively recently introduced class 
of special effects, described as proximate audience 
pyrotechnics, are incorrectly described as indoor 
fireworks. 


Historical: Parlor fireworks, as described above, ap- 
peared in the 1860s, when they were described as 
chemical toys. Some attracted notice in the Press as 
being far too dangerous. These included the snakes 
called Pharaoh’s Serpents, which were based on mer- 
cury(II) thiocyanate and the so-called Larmes du Di- 
able (Devil’s Tears) that were little lumps of metallic 
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sodium, intended to be thrown into a basin of water, 
whereupon they would skitter around the surface and 
eventually explode, possibly flinging molten sodium 
or sodium hydroxide solution into the faces of the 
spectators. The use of nitrocellulose as an after-dinner 
entertainment also drew condemnation. Apart from 
the Larmes du Diable, parlor fireworks remained 
popular in Great Britain well into the second half of 
the 20" century. More recently, they became less 
widely available, with some of them (as noted above) 
disappearing because of health and safety regulations. 


A range of parlor fireworks were recently introduced 
in the UK. The picture below shows items that have 
all passed tests to permit their classification as UN 
hazard class 1.48. 


Photo credit: www.indoorfireworks.co.uk 


PARR BOMB CALORIMETRY — See calorimetry, bomb. 
PARTIAL DETONATION — See detonation type. 


PARTIAL IGNITION — An ignition in which burning 
fails to propagate throughout a sample. It would more 
properly be termed partial burning or partial propaga- 
tion. (See propagation inequality for an example and 
further discussion.) 


PARTIAL PRESSURE -— The pressure exerted by a spe- 
cific component of a gaseous mixture. The term arises 
from Dalton’s law of partial pressures, named for the 
English chemist John Dalton (1766-1844). This law 
states that at a fixed temperature, the total pressure 
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(P,) of a specified volume of a mixture of gases is 
equal to the sum of the pressures (P;) that each com- 
ponent of the mixture would exert if it alone occupied 
the same volume: 


P=>DP=P+PtPt-oP 


PARTICLE BOARD — A composition board made of 


very small pieces of wood (essentially coarse saw- 
dust) bonded together with an adhesive. Although 
weaker in strength than plywood, it can sometimes be 
used in similar applications. 


PARTICLE SHAPE and PARTICLE SIZE — EFFECT ON 


BURN RATE — See burn rate, factor affecting. 


PARTICLE VELOCITY (explosives theory) — The av- 
erage forward velocity of particles (i.e., atoms and 
molecular fragments) in the reaction zone of a deto- 
nation wave. Particle velocity (uw) is one of the fac- 
tors that determine the pressure (P.j;, the Chapman- 
Jouguet pressure) produced in a detonation: 


Py = Py uD 
Here, / is the density of the unreacted explosive and 


Dis the rate of advance of the reaction front (1.e., the 
velocity of detonation). 


PARTICLE VELOCITY (seismic) — A measure of the in- 


tensity of ground vibration, specifically the velocity 
of motion of the ground particles as they are excited 
by the wave energy of an explosion (or earthquake). 
The damage potential from ground shock is related to 
peak particle velocity. 


PARTICULATE DAMPING — The attenuation of acoustic 


combustion instability in a functioning rocket motor as 
a result of the presence of tiny particles suspended in 
the gaseous combustion products. Acoustic instability 
can be significantly reduced by particulate damping 
(i.e., the addition of a small amount of a reactive 
metal powder to the composition forming the propel- 
lant grain). The attenuation is accomplished through 
the interaction between the acoustic pressure wave 
traveling in the combustion chamber and the dis- 
persed metal-oxide particles produced during burning. 


PARTICULATE FLAME — A flame containing incan- 


descent particles (solids or liquid droplets). Particu- 
late flames tend to be opaque (i.e., one cannot easily 
see through them). 


A common example of a particulate flame is found in 
flame effects, such as a gas mine, where the incan- 
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descent particles in the flame are clusters of elemental 
carbon. Another, albeit brief, example of a particulate 
flame is the brilliant flash produced by flash powders. 
In this instance, the incandescent particles are most 
commonly aluminum oxide or magnesium oxide. An 
example where the particles are liquid is in the burn- 
ing flame of Black Powder, where, at the temperature 
of the flame, the potassium carbonate and potassium 
sulfate are mostly molten droplets. 


Non-particulate flames tend to be transparent (one can 
easily see through them). An example of such a flame 
is the burning of methanol, as used in ghost mines. 


PARTICULATE MATTER, AIRBORNE — From an in- 
dustrial hygiene standpoint, airborne particulate matter 
may be classified by its particle size. 


PM-10 — Airborne particulate matter with a particle 
diameter of 10 micrometers or less. Such particles are 
respirable, meaning they are likely to deposit deep in 
the lung. 


PM-2.5 — Airborne particulate matter with a particle 
diameter of 2.5 micrometers or less. Such particles 
are highly respirable. (For particles less than 0.1 mi- 
crometers in diameter, see nanoparticle.) 


PARTY CRACKER — See Christmas cracker. 


PARTY POPPER — (Also champagne party popper) — A 
consumer pyrotechnic device typically consisting of a 
squat cylindrical casing (originally composed of paper, 
but now commonly molded plastic) containing a mi- 
nute amount of explosive material. When functioning, 
it produces a small report and expels flame-resistant 
paper confetti or streamers. Party poppers are classi- 
fied as a novelty in the US, providing they contain 
less than 16 mg of explosive composition. One com- 
mon type of party popper is shown below, with five 
party poppers lying on top of a box of poppers. 


— 


FLAME PROOF WITH STREAMERS 


Se 
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Typically, the actuating mechanism is a string that, as 
a result of the friction generated when it is pulled, ig- 
nites a friction-sensitive pyrotechnic composition that 
is enclosed in a very small-diameter paper cylinder, 
as illustrated below in cross section. Today, the ex- 
plosive is Armstrong’s mixture; in the past, red ex- 
plosive was also used. 


Thin Paper Tube 


Pyrotechnic Composition 


The gases from the exploding charge enter a small 
expansion chamber in the device and expel the con- 
tents of streamers or confetti. The internal construction 
of this type of party popper is illustrated below in 
cross section, along with a photograph showing the 
components of the item. 


4 <— Paper Disk 


> Confetti or 


7 a Coils of Streamers 


Paper Disk 


Expansion Chamber 


Expelling Shot 


Measured sound pressure levels have exceeded 125 
decibels (dB) peak-linear (p-l) at 3 feet (0.9 m) from 
the party popper and exceeded 140 dB p-l at 1 foot 
(0.3 m) to the side of the party popper. (For information 
on typical sound levels, see sound pressure level.) 
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In the US, party poppers (in a variety of forms) are 
legally sold almost everywhere and are commonly 
found in grocery, department, discount and party- 
supply stores. Party poppers are sometimes given as 
favors at New Year’s Eve parties or birthday parties. 
Although one might envision a scenario where injury 
would occur with the careless use of this device, mil- 
lions of these are sold and used annually and reported 
injuries are rare. 


PARTY POPPER GUN — A |conser 
toy gun that fires a load of 
confetti or streamers, much 
like the effect ofa tradition- 
al party popper novelty. 
One type of party popper 
gun is shown at the right. 


Also shown within the 
packaging are three car- | 
tridge loads (appearing hot 
pink and chartreuse in col- 
or) for the toy gun. The 
loads are somewhat similar 
in shape to a shotgun shell. 
The loads come in two va- 
rieties, those that expel 
confetti and those that ex- 
pel streamers (as shown below). The expelling charge 
is a powerful toy cap mounted in the center rear of 
the cartridge load. [Each grid square is % inch (6 mm).] 


One potential safety concern with a party popper gun 
is that its load is expelled at substantial velocity (in 
some cases exceeding 150 feet per second, 45 m/s). 
The danger is much less than might be expected be- 
cause the contents are of relatively low mass and are 
rapidly slowed by air resistance within a few feet of 
the toy gun. 


Another concern is the loud sound produced by the 
powerful toy cap. Measured sound pressure levels 
exceeded 125 decibels (dB) peak-linear (p-l) at a dis- 
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tance of 3 feet (0.9 m) behind the gun, 130 dB p-l at a 
distance of 3 feet (0.9 m) in front or to the side of the 
gun, and 150 dB p-l at a distance of 1 foot (0.3 m) to 
the side of the gun. (For information on typical sound 
levels, see sound pressure level.) 


PASCAL — (Symbol: Pa) — The derived SI unit of pres- 
sure, named after the French philosopher and mathe- 
matician Blaise Pascal (1623-1662). One pascal is 
the pressure that produces a force of one newton on a 
surface of one square meter. 


Multiply ® To Obtain 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


b) The pressure unit psi = pounds per square inch. 


PASSFIRE — A section or separate piece of quick match 


or black match that is positioned along the side of a 
top-fused aerial shell (illustrated below in cross sec- 
tion). When black match is used, the outer paper wrap 
around the shell causes the black match to burn like 
quick match. Thus, the passfire quickly conveys fire 
from the shell leader to the lift charge below the shell. 


|<. Quick Match 
Time aif (Shell Leader) 


Passfire 
Fuse 


1} — Stars & Break 
Charge 


Lift Charge 


PASSIVATE — The process of chemically reducing the 


surface reactivity of a substance, usually a metal. 


In pyrotechnics: Passivation usually refers to treating 
or coating the iron, aluminum, magnesium or mag- 
nalium used in a composition to protect it from corro- 
sion and other adverse reactions. This treatment may 
be accomplished by applying a physical coating to 
the metal particles, such as accomplished with the use 
of polyester resin or linseed oil. Alternatively, a 
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chemical treatment (a conversion coating) can be ap- 
plied to protect the surface of the metal particles. 


The term is sometimes broadly used for anything that 
diminishes the reactivity or sensitiveness of a pyro- 
technic composition. For example, a small percentage 
of petroleum jelly may be said to passivate a whistle 
composition. It is more technically correct to describe 
petroleum jelly as a phlegmatizing agent. 


PASSIVE CONTROL (rocketry) — See control. 


PASSIVE RESTRAINT SYSTEM — See airbag, auto- 
mobile. 


PASTE — A water-soluble adhesive, typically made 
from finely ground starch extracted from cereal 
grains (e.g., wheat paste). 


In fireworks: Wheat paste is commonly used to glue 
layers of kraft paper to the exterior of an aerial shell 
casing for strength. 


Paste is normally a solution of soluble starch in water, 
sometimes with the addition of a small amount of 
white glue for added adhesive strength. Commercially 
available wallpaper paste, which is based on starch, 
can also be used effectively. Paste made with ordi- 
nary wheat starch is the traditional adhesive used in 
making aerial shells and other firework items. Even 
plain wheat flour, suspended in cold water and then 
boiled, will make a useful paste. Some shell makers 
have reported that wallpaper paste based on synthetic 
adhesives is less effective. 


If the paste will not be used soon after its preparation, 
it should be refrigerated after mixing to prevent the 
growth of mold and bacteria. Alternatively, a few crys- 
tals of thymol or menthol can be added as preservative. 


PASTELESS METHOD - See rinfasciature. 


PASTE WRAP — A wrap of kraft paper that has been 
well-impregnated with wheat paste before being 
tightly applied to the exterior of an aerial shell. When 
properly made and applied, this wrap dries hard and 
smooth, providing a strong and leak-tight seal to the 
body of the shell. (See pasting, aerial shell.) 


PASTING, AERIAL SHELL —The application of paste- 
wetted paper to a cylindrical or spherical aerial shell. 
The example shown below demonstrates the process 
of applying the paste wrap to a cylindrical shell. 


In the first image (upper left), paste is being applied 
toa sheet of kraft paper by hand. Following application 
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Photo Credit: Garry Hanson, Precocious Pyrotechnics 


of the paste, a short time is allowed to elapse for the 
paste to soak into the paper. In the second image, the 
shell, having already been spiked with string, is being 
wrapped with the pasted paper. In the third image, the 
pasted paper is being pleated over the ends of the shell 
to complete its enclosure, as shown in the final image. 


The process of applying pasted paper to a spherical 
shell is similar, with the exception that the paper is 
applied in the form of numerous relatively narrow 
strips. 


The most commonly used paste is wheat paste (or 
wallpaper paste), sometimes with a small amount of 
white glue added for strength. The consistency of the 
paste is usually quite watery, with only a little more 
paste than it takes to make the paste solution feel 
slippery between one’s fingers. 


Probably the easiest way to get the paper thoroughly 
wetted with paste is to coat the paper thickly with 
paste and wait until the paste soaks in. Another way 
is to coat the paper with paste, crumple it into a tight 
ball and then smooth it out just before use. This pro- 
cess is described as breaking the paper, which aids in 
the absorption of the paste, and makes the paper more 
pliable and easier to form around contoured shapes. 


The strength of cylindrical shells is produced by a 
combination of a thin inner, non-pasted paper casing 
(usually a chipboard liner), well-compacted contents 
and spiking. These shells often only have a single 
paste wrap. In contrast, the strength of spherical shells 
is achieved by the application of pasted paper. For 
hard-breaking spherical shells, many layers of pasted 
paper must be applied over the inner hemispheres used 
to construct the shell (see shell casing, aerial). A 
formula for the appropriate number of layers of pasted 
paper (JV) to be applied to a shell (Shimizu, 1981) is: 


et 
S 
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Here, D is the outside diameter (in cm) of the hemi- 
spheres being used, and S is the average (cross-grain 
and along the grain) tensile strength of the kraft paper 
(in kg per cm width). For typical materials, a 6-inch 
(150-mm) shell might require roughly 15 layers of 
pasted paper. For proper drying of the shell, it is 
common to apply four layers of paper at one time, al- 
lowing the shell to dry thoroughly before another four 
layers of pasted paper are applied. A collection of 
shells drying before completion is shown below. 


Photo credit: Lansden Hill, Pyro Shows, Inc. 


Recently, a computer-controlled machine has been 
developed for pasting spherical aerial shells. 


PASTING MACHINE, AERIAL SHELL — (Also WASP 
machine) — A machine for carrying out the otherwise 
laborious and tedious, but essential, process of 
properly applying many layers of pasted paper to a 
spherical aerial firework shell. Computer-controlled 
shell pasting machines have been developed by Amer- 
ican pyrotechnist James C. Widmann, as disclosed in 
US Patent 6,571,675, awarded in 2003. The common 
term WASP machine is an acronym for ‘Widmann’s 
Automatic Shell Paster’; an example is shown below. 


Photo credit: Jim Widmann 


This machine applies a relatively narrow strip of wet- 
ted paper tape with adhesive on one side (not shown 
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above). Because the machine rotates the shell on a 
pair of axes, the entire shell can be covered quickly and 
evenly with pasted paper. Also because the adhesive is 
only on one side and the paper does not become thor- 
oughly soaked, the entire covering of pasted paper can 
usually be applied at one time. This eliminates the need 
to dry the shell after every few layers of pasted paper. 


Another type of shell pasting machine holds the aerial 
shell in a mostly fixed (i.e., nonrotating) position. 
The narrow strip of wetted paper tape is applied to 
the shell by rotating the roll of tape (and its wetting 
mechanism) around the stationary shell. 


PATTERN SHELL — An aerial firework shell constructed 
to form a recognizable pattern of stars upon its ex- 
ploding. The simplest pattern shell is probably a single- 
ring shell, which explodes to form a simple (i.e., sin- 
gle) ring of stars. There are many types of pattern 
shells; a few examples are a spiral shell, a double- 
heart shell and a smiling-face shell, as shown below. 


Photo credit: Lansden Hill, Pyro Shows 


Shell patterns are not limited to two dimensions. A 
simple example of a three-dimensional pattern is the 
half-and-half shell shown below (left). Another ex- 
ample is the triple-ring shell with the star circles in 
multiple parallel planes (below right). The two rings 
of color stars are in planes above and below the cen- 
tral plane with the comet stars. 


Photo Credit: Eldon Hershberger 
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The functioning of a shell producing a star pattern 
following its breaking is shown below in a time- 


series of images. 


A series of images demonstrating one method for 


Photo credit: Lansden Hill, Pyro Shows 


making a pattern shell is shown below. 


In the first image (left), a shell casing hemisphere has 
already been mostly filled with break charge and cov- 
ered with a piece of tissue paper. A paper cutout of 
the pattern to be produced has been placed on the tis- 
sue paper. In this case, the pattern is a star (a stack of 
star cutouts can be seen in the lower right of the im- 
age). Next, alayer of paste is applied to the paper cut- 
out. In the second image, a series of small, very thin- 
walled, paper tubes, each containing four stars, is glued 
onto the paper star pattern. In some cases, the indi- 
vidual stars are each glued separately to the pattern. 


In the next image, filling of the break charge into this 
hemisphere has been completed. In the final image, 
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Photo credit: Lansden Hill, Pyro Shows 


Photo credit: Lansden Hill, Pyro Shows 


the tissue paper is being 
closed in preparation for 
completing the shell by 
mating its two hemi- 
spheres. 


Another approach taken 
to produce a pattern shell, 
one that resembles a giant 
spruce tree (i.e., Christ- 
mas tree), is shown at the 
right in a time-exposure 
photograph. In this case, 
several individual and 
carefully placed shell 
breaks combine to pro- 
duce the overall pattern. 


Photo Credit: Phil Grucci, 
Fireworks by Grucci 


PAULI EXCLUSION PRINCIPLE — See quantum theory. 
PAULOWNIA CHARCOAL — See charcoal type. 


PAYLOAD — The mass of material, apart from the rocket 


itself, intended to be transported by a rocket. 


In fireworks: See firework rocket heading. 


In rocketry: The payload includes anything carried 
aloft by a rocket that is not part of the rocket itself. 
Common amateur rocketry payloads include altime- 
ters, computers, cameras and radio transmitters. The 
National Association of Rocketry Safety Code specif- 
ically prohibits launching live animal payloads. Alt- 
hough a tracking smoke device may be allowed, other 
pyrotechnic devices are not allowed. 


PAYLOAD MASS RATIO — The ratio of the mass of the 


payload to the initial mass of the complete rocket. 


Pb — The symbol for the chemical element lead; the 


symbol originates from plumbum, the Latin word for 


lead. 


PB — Abbreviation for polybutadiene. 

PBAN — Abbreviation for polybutadiene acrylonitrile. 
PBX — Abbreviation for plastic bonded explosive. 

P,. — Symbol for rocket motor chamber pressure. 

pdl — Abbreviation for poundal. 


PE — Abbreviation for polyethylene. 
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PE 3408 — The preferred polyethylene used to make 
high-density polyethylene mortars for fireworks. It 
has a minimum tensile stress (i.e., yield or break) of 
approximately 3200 psi (22 MPa). 


PEACOCK TAIL — See aerial shell name and description 
(specific). 


PEAK ALTITUDE — See apogee. 


PEAK BLAST OVERPRESSURE and PEAK BLAST 
PRESSURE — See peak overpressure. 


PEAK MORTAR PRESSURE — See mortar pressure, in- 
ternal. 


PEAK MORTAR RECOIL — See mortar recoil force. 


PEAK OVERPRESSURE -— (Also peak blast pressure or 
peak blast overpressure) — The maximum pressure 
rise, above atmospheric, produced by an air-blast 
wave. This is illustrated in the graph below of the 
blast pressure wave (i.e., the shock wave) produced 
by an explosion. 
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PEAK PARTICLE VELOCITY — (Abbreviated PPV) — 
The peak velocity of a particle of ground moving as 
the result of the ground shock produced by an explo- 
sion. Thus, it is a measure of the magnitude of 
ground vibration (i.e., seismic shock). Peak particle 
velocity is typically expressed in units of millimeters 
per microsecond or meters per second. 


PEAK RESPONSE (sound) — See sound pressure level 
measurement (peak response). 


PEAK SOUND PRESSURE — See sound pressure level 
measurement. 


PEAK THRUST — The maximum thrust produced by a 
rocket motor or combination of rocket motors. De- 
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pending on the design of the motor, its peak thrust may 
occur at any point during the burn of the motor(s). 


For a standard, central, core-burning motor, the 
amount of burning surface increases as the motor 
burns and reaches a maximum just before the motor 
burns out. Accordingly, except for an initial ignition 
spike, the amount of thrust produced also increases 
until just before burnout, as illustrated below. 


Thrust —» 


Core Burning 


Time —> 


When the core of a motor only goes a short distance 
into the length of the grain, which is common for 
model rocket motors and some firework rockets, the 
peak thrust will occur early in the burn of the motor, 
as illustrated below. 


Thrust ——» 


Cored End Burning 


Time ——> 


When multiple-cored propellant grains are used, as is 
common in high-power rocket motors, changes to 
grain length and core diameter in the motor design 
can be used to cause the peak thrust to occur early or 
late in the burn of the motor. For examples, see pro- 
pellant grain geometry (BATES grain). 


PEANUT SHELL — See multibreak aerial shell. 
PEARL — A single-color star launched from the ground. 
The individual stars fired from a Roman candle may 


be described as pearls. 


PEARL ASH or PEARL POTASH — See potassium car- 
bonate. 


PEL — Abbreviation for permissible exposure limit. 
See toxicology regulatory term. 


PELLET — A small piece of solid material, usually one 


that has been intentionally formed to have a particu- 
lar size and shape. A pellet may be either cylindrical 
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or spherical; a small spherical pellet is sometimes de- 
scribed as a prill. Irregular-shaped pieces of solid ma- 
terial are described as granules, rather than pellets. 
The processes involved in forming pellets are de- 
scribed below (i.e., pelleting and pelletizing). These 
terms are commonly used interchangeably to refer to 
any process of consolidating material into a pellet. It 
is useful to maintain the distinction as suggested in 
the definitions of these terms. 


pelleting — The process of consolidating material, 
typically into a small cylinder, using a specialized 
press. Many commercially manufactured pyrotechnic 
devices and components (e.g., military and civilian 
aerial flares) are produced in this way. 


In fireworks: A similar process is used to make cylin- 
drical stars with a hand-operated star pump or star 
plates and a press. 


pelletizing — The process of consolidating material 
into small pieces, each having an approximately spher- 
ical shape. For many materials this process uses pur- 
pose-designed machines (often utilized in the prepa- 
ration of mineral ores) or, typically on a smaller scale, 
by rolling the material in a tilted hemispherical barrel. 


In fireworks: A pelletizing process is used to make 
rolled stars by tumbling dampened composition in a 
hand-held hemispherical bowl or in a mechanically 
driven tilted barrel. See star manufacturing. 


PELLET MATCH — See match, pellet. 


PELLET POWDER — Black Powder, commonly blasting 
powder (see Black Powder grade), that has been 
pressed into relatively-large cylindrical pellets that 
are suitable for loading into drill holes for blasting. 
The pellets typically ranged from 1’ to 2 inches (30 
to 50 mm) in diameter and up to 8 inches (200 mm) 
in length. Pellet powder was safer to handle and 
much more convenient to load into bore holes than 
loose granular Black Powder. 


PENETRATION TEST — See explosive output test. 


PENNY BOMB (firecracker) — (Also Shising Bunger or 
red-wrap bunger). The most popular firecracker in 
Australia until the prohibition of firecrackers in the 
various Australian jurisdictions, beginning in the late 
1960s. Penny Bombs were made in Hong Kong or 
Macau, and were provided with tradition Chinese tis- 
sue-paper fuses. They were sold individually for the 
very affordable price of one penny and were also 
available in packs containing several bundles of indi- 
vidual crackers, not braided into strings. These crack- 
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ers were about 3 inches (75 mm) in length and about 
¥2 inch (12.5 mm) in diameter and were charged with 
meal powder (See Black Powder grade), as required 
by Australian regulations at the time. They were 
made of coarse paper, or newspaper, finished with a 
wrap of thin red paper, though examples finished 
with yellow or green paper were occasionally (but 
rarely) encountered Larger versions, called twopenny 
(pronounced tuppny), threepenny (throopny) and 
fourpenny (fawpny) bombs were also available, but 
the magnitude of their explosion was not commensu- 
rate with their price, so the Penny Bomb reigned su- 
preme. Misuse of Penny Bombs by small boys was a 
major factor leading to the prohibition of the sale of 
firecrackers to the general public in Australia. In 
some states, this prohibition included all shop goods 
fireworks, a prohibition that was eventually imple- 
mented in all the Australian states and all but one of 
the territories. 


PENTAERYTHRITOL-TETRANITRATE — [CsHsN4O12] 


— {CAS 78-11-5} — (Abbreviated PETN) — (Also 
tetranitro-pentaerythritol, pentaerythrite tetra nitrate 
or 2,2-bis[(nitrooxy)methyl]-1,3-propanediol dinitrate 
(ester)) 


Pentaerythritol-tetranitrate is the secondary high ex- 
plosive most commonly used in detonating cord and 
as the base charge in detonators. It is quite sensitive 
to impact and is more readily detonated than Tetryl. 
Pentaerythritol-tetranitrate is one of the most powerful 
modern explosives, as well as being one of the most 
effective high explosives for use in demolition. It is 


Structural 
formula: 


a) Code for reference source, see preface. 
b) Ata density of 1.7 g/cm®. 
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2,4-PENTANEDIONE — [CsHgO2] — {CAS 123-54-6} — 
(Also acetylacetone, pentadione, pentan-2,4-dione or 
pentane-2,4-dione) 


2,4-pentanedione (commonly known as_acetyl- 
acetone) is an organic compound of interest in pyro- 
technics because of its ability to form stable, easily 
vaporized compounds with a range of metals. These 
compounds, commonly known as metal acetyl- 
acetonates, have recently been used as the basis of a 
new class of colored-flame compositions in which 
they perform as both flame color-agents and fuels. 
2,4-pentanedione is a clear, colorless or slightly yel- 
lowish, flammable liquid with a characteristic, foul 
odor. It exists as an equilibrium mixture of two 
forms. One is the diketone form (illustrated below, 
left); the other form is the so-called enol form (be- 
low, right), in which one of the ketone groups has be- 
come a hydroxyl group, while a double bond has 
formed between the carbon atom attached to this hy- 
droxyl group and an adjacent carbon atom. 


you CH, 
O=C HO-C 
\ \ 
cH, ad CH 
OC O=c. 
CH CH 


This so-called enol form can ionize in aqueous solution 
as a weak acid: 


CH3(C=O)HC=C(OH)CH3(aq) + H20a <> 
H30* + [CH,(C=O)HC=C(—O)CHG] (aq) 


The resulting anion (which is often abbreviated as 
acac) can react with a metal cation to form complexes 
in which one or more organic anions is bonded to the 
metal cation through both oxygen atoms to form a 
six-membered ring. For example, the reaction be- 
tween the enol form of 2,4-pentanedione and the 
copper(II) cation to form the complex commonly de- 
scribed as copper(II) acetylacetonate is: 


= H.C, (Hs 
CH, C-O oO-C 
/ 4 \ 
HO-C HC Cu CH + 2H* 
\ \ 7] (aq) 
2 jeu +Cu2 << C=O O=C 
O=C (aq) / \ 
\ H.C CH, 
CH, 


The reaction takes place when 2,4-pentanedione is 
mixed with an aqueous solution of a copper(II) salt 
and the pH is carefully adjusted toward neutral by 
adding a base (for example sodium acetate) to react 
with hydrogen ions and thus force the above reaction 
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to the right. The metal complex separates as a precip- 
itate and can be purified by re-crystallization from 
methanol or another suitable organic solvent. 


In many cases, the metal complexes can be prepared 
by reacting the corresponding metal oxide or hydrox- 
ide with 2,4-pentanedione in a suitable organic solvent. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: none established. 
Causes eye and skin irritation, and it is harmful if ab- 
sorbed through the skin. Laboratory testing has pro- 
duced mutagenic effects. 


UN_hazard_ classification: PSN: pentane-2,4-dione; 
HC: 3-flammable liquid (UN2310). 


In fireworks: In 1992 a European patent (0252803B1) 
was awarded for new pyrotechnic compositions for 
colored fireworks. These compositions consisted of an 
oxidizer, an organic fuel and a metal acetylacetonate 
at a concentration of at least 3% by weight of the to- 
tal composition. Suitable metal acetylacetonates were 
specified as those of copper, molybdenum, strontium, 
barium, calcium, lanthanum and zirconium. Subse- 
quently, cerium was also found to be suitable. The 
colors produced with metal acetylacetonates and am- 
monium perchlorate are presented below. 


The metal acetylacetonate compositions can be very 
simple. Two example blue formulations (European 
patent 0252803B1) are presented below. Formulation 
1 is for stars and is dampened with a solution of shel- 
lac in alcohol for binding. Formulation 2 is for lances, 
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Bengal lights, etc. The compositions are said to pro- 
duce a large flame and leave no residues. This is a 
great advantage for lances and torches, where ash 
formation often detracts from the color. 


Formulation —| Percent by Weight 
Ingredient | (2) 


Copper!) acetylacetonate | 
Glucose 


PENTOLITE — A castable, explosive mixture composed 
of trinitro-toluene (TNT) and _penta-erythritol- 
tetranitrate (PETN), usually in a 50:50 ratio. 


PENTYL ACETATE — [C7H\402] — {CAS 628-63-7} — 
(Also n-amyl acetate or 1-pentyl acetate) 


Pentyl acetate is used as a solvent for nitrocellulose 
and celluloid. It is a colorless, flammable liquid with 
a banana-like odor. 


Structural 
formula: 


— 551 kJ/mol 


Enthalpy of formation 


a) Code for reference source, see preface. 
Health information: TLV-TWA: 50 parts per million. 


UN hazard classification: PSN: amyl acetates; HC: 3 
— flammable liquid (UN1104). 


PEONY SHELL — A hard-breaking, spherical aerial 
shell, in which the stars do not leave a trail of sparks 
as they radiate symmetrically outward. This is in con- 
trast with a chrysanthemum shell, in which the stars 
leave a trail of sparks. The functioning of a typical 
peony shell is shown below, as a time-series of images. 
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Photo credit: Eldon Hershberger 


In the classic form, the force of the burst and the burn 
time of the stars are such that the trajectories of the 
stars appear straight, with no substantial drooping 
due to gravity. 


The term peony is not always used in this precise way 
and loose usage is common. For example, it is common 
for some types of shells, which are technically chry- 
santhemum shells (because their stars burn to pro- 
duce spark trails), to be described as a type of peony 
(e.g., a brocade peony). (For information on the con- 
struction ofa peony shell, see spherical aerial shell.) 


PEP — An abbreviation for the scientific journal Pro- 


pellants, Explosives and Pyrotechnics. 


PERCENT — (Symbol: %) — Literally, per hundred. A 


fraction expressed as the number of parts of a com- 
ponent in 100 parts of the whole. It is simply the cor- 
responding decimal fraction multiplied by 100. 


For example, consider an imaginary composition made 
by weighing the following components: 120 g barium 
nitrate, 50 g magnalium, 20 g PVC and 10 g dextrin. 
The total weight is 200 g. The decimal fraction of 
PVC is 20 g divided by 200 g or 0.10. If this is multi- 
plied by 100, it yields the percent of PVC as 10%. 


additional percent — A substance that is added to a 
specified base composition at the rate of 1 part of the 
added substance to every 100 parts of the base com- 
position. 


For example, a salute powder might consist of a mix- 
ture of 70 g of potassium perchlorate and 30 g of alu- 
minum powder. The total weight of this mixture would 
then be 100 g, and the percent of the total base com- 
position would be 100%. Its percentage composition 
would be 70% potassium perchlorate and 30% alu- 
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minum powder. If a spark effect is to be created by 
adding additional 20% titanium to the base composi- 
tion, one would add 20 g of titanium for every 100 g 
of base composition. The new composition would then 
have a composition (in percent) of 70/120x100 = 
58.3% potassium perchlorate, 30/120x100 = 25% 
aluminum and 20/120x100 = 16.7% titanium. For con- 
venience, it is somewhat common in pyrotechnics to 
describe the composition as consisting of 70% potas- 
sium perchlorate, 30% aluminum and + 20% titanium, 
where the plus sign indicates an additional percentage 
of a component added to the base composition. 


PERCEPTION — The subjective, conscious experience 
of an outside stimulus on a human sensory system. 


PERCHLORATE ION — [ClO;] — 
The anion of perchloric acid 
[HC1O,]. It consists of a tetrahe- 
dral arrangement of four equiva- 
lent oxygen atoms with a chlorine 
atom at its center. It has a charge 
of negative one: 


The perchlorate ion is the most thermodynamically 
stable of the oxy-anions of chlorine. (See chlorate ion.) 


All metal perchlorates are soluble in water and many 
are hygroscopic or even deliquescent. The only per- 
chlorates that are commonly used in pyrotechnics are 
potassium perchlorate and ammonium perchlorate, 
neither of which is significantly hygroscopic, having 
critical humidities of 99.8 and 98.1 percent, respec- 
tively, at 15 °C (PATR 2700). 


Perchlorate esters, as well as perchlorate salts of or- 
ganic bases and of hydrazine and hydroxylamine, are 
dangerously explosive. In addition, some perchlorate 
salts of complex transition metal ions have been 
found to be dangerously explosive. Somewhat sur- 
prisingly, even some simple transition metal perchlo- 
rates (e.g., cobalt(II) perchlorate) have also been re- 
ported to be explosive. 


For reasons of safety, despite its higher cost, potassi- 
um perchlorate has replaced potassium chlorate as the 
oxidizer of choice for colored-firework compositions 
in many countries. Potassium perchlorate has also 
been used as an oxidizer in solid-fuel rocket motors; 
ammonium perchlorate is preferred because its com- 
bustion produces a larger quantity of gaseous prod- 
ucts. Ammonium perchlorate is also an excellent oxi- 
dizer for colored-firework compositions as it is more 
than just a source of oxygen. It is also a source of 
chlorine (as gaseous hydrogen chloride [HCl]) to 
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promote the formation of metal monochloride color 
emitters in the flame. Compositions based on potas- 
sium perchlorate typically require the presence of a 
separate chlorine donor, such as chlorinated rubber 
(see colored-flame chemistry). This is because most 
of the chlorine from the perchlorate remains bound as 
potassium chloride when the perchlorate decomposes. 


Source: Perchlorates are produced industrially by 
various routes that usually begin with sodium per- 
chlorate, which is produced by the electrolytic oxida- 
tion of sodium chloride. 


Environmental: In the combustion of pyrotechnic mix- 
tures containing a perchlorate, the chlorine from the 
perchlorate is predominantly converted into a chloride. 
For example, the reaction of the most common fire- 
work flash powder produces relatively harmless alu- 
minum oxide [Al,O3] and potassium chloride [KC]]: 


3 KC1O4g + 8 Al > 4AL03 + 3 KCl 


On the other hand, reaction products of some compo- 
sitions based on ammonium perchlorate often include 
a large amount of gaseous hydrogen chloride [HCl], 
which is a noxious gas that combines with water in 
the air to form hydrochloric acid. For this reason, 
compositions containing ammonium perchlorate are 
rarely suitable for use in indoor pyrotechnics or when 
pyrotechnics are to be fired close to spectators. 


The principal environmental concern regarding the use 
of perchlorates in pyrotechnic compositions is not their 
combustion products but contamination of the envi- 
ronment by unreacted perchlorate ions. This can arise 
from devices that fail to ignite or to burn completely, 
or from wastes generated during manufacturing. 


As perchlorates are soluble in water, accumulation of 
solid perchlorates in soil is rare and is restricted to arid 
areas. The main concern is the accumulation of per- 
chlorate (as ions) in ground water. 


Health: For a long time, perchlorates were thought to 
be of low toxicity, based on the amount required to 
kill a specified fraction of laboratory animals. Begin- 
ning in the 1990s, detailed studies of the effects of 
long-term exposure to low concentrations of perchlo- 
rates have raised important concerns. The perchlorate 
ion has the same charge as, and has a similar size to, 
the iodide ion. Iodide ions are required for the proper 
functioning of the thyroid gland, which releases hor- 
mones essential to the normal functioning of one’s 
metabolism and to the proper growth and develop- 
ment of children. There is a mechanism in the body 
to extract iodide ions from food and water and 
transport them to the thyroid, and this mechanism is 


Page 903 


inhibited when perchlorate ions are present, simply 
because the perchlorate ions compete with iodide 
ions in the transport process. While perchlorate can 
replace iodide in this part of the metabolism, it can- 
not replace iodide in the thyroid gland, so ingestion 
of perchlorates inhibits the proper functioning of the 
thyroid. Perchlorates have been used in medicine to 
treat conditions resulting from an over-active thyroid 
gland. Inhibition of thyroid function in healthy sub- 
jects is obviously undesirable. 


With the development of modern ion chromatography, 
it became possible (in the late 1990s) to detect per- 
chlorate ion in the environment at microgram per liter 
levels, and it was found to be widespread in drinking 
water in the U.S. Some of this perchlorate is of natu- 
ral origin, and some is the result of contamination of 
groundwater with industrially produced perchlorates. 
The unexpected discovery of a biologically active 
agent in drinking water led to detailed studies of the 
effects of low concentrations of perchlorate and re- 
sulted in regulatory authorities in many jurisdictions 
setting low limits (e.g., 15 micrograms per liter) for 
acceptable levels of perchlorate in drinking water. 


The National Academy of Science has reported that 
perchlorate is not stored in the body and is not me- 
tabolized. Its effects are limited to the thyroid gland, 
and these effects are fully reversible when the expo- 
sure to perchlorate ceases. The American Thyroid 
Association has recently reported that perchlorate 
may not be as harmful as previously feared. None the 
less, the perchlorate ion is stable in the environment, 
is potentially harmful, and is subject to regulatory 
control and scrutiny. Perchlorates, and all other 
chemicals of environmental concern, should be proper- 
ly managed to avoid environmental contamination. 


Perchlorates are readily converted into harmless chlo- 
rides on incineration, so responsible disposal of waste 
perchlorates ought not to be difficult. Unfortunately, 
the matter is complicated by concerns about the ex- 
plosive and fire-promoting potential of perchlorates. 
Biological processes for the destruction of perchlo- 
rates have been proposed. The required procedure for 
disposing of waste perchlorates, just as for any waste 
disposal problem, needs to be established in consulta- 
tion with the authorities having responsibility for 
such things. (See disposal, pyrotechnic.) 


PERCHLORATE ION, SPOT TEST FOR - See spot test 
(perchlorate ion). 


PERCHLORO-BENZENE — See hexachloro-benzene. 
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PERCHLORO-ETHANE — See hexachloro-ethane. 
PERCHLORO-ETHYLENE — See tetrachloro-ethene. 
PERCHLORO-PENTACYCLO-DECANE — See Mirex. 


PERCUSSION — The method of initiating a pyrotechnic 
or explosive device by delivering a sudden, sharp im- 
pact. The percussion cap (see primer, small-arms) 
used in firearms is an example of a device intended to 
be initiated by percussion. 


PERCUSSION CAP — See primer, small-arms. 


PERCUSSION COMPOSITION — (Also primer compo- 
sition) — Typically, a mixture containing a high- 
explosive component, commonly used in some types 
of primers (see primer, small-arms). Percussion pri- 
mers are used in firearm cartridges and munitions that 
are initiated by the impact delivered by a firing pin. 


Early percussion compositions commonly contained 
mercury(II) fulminate. Today, common high-explosive 
components include trinitro-toluene, lead trinitro- 
resorcinate and pentaerythritol-tetranitrate. In addi- 
tion, there are pyrotechnic components (oxidizers and 
fuels). Examples of recent compositions are presented 
below. 


Formulation — Parts by Weight 
Raed ea (5) 


1 and 2) Ellern, 1968. 3 to 5) Hardt, 2001. 


PERCUSSION FUSE IGNITER — See fuse igniter, blast- 
ing safety fuse. 


PERCUSSION PRIMER -— See primer, small-arms. 


PERFECT GAS (rocketry) — An ideal gas (1.e., one that 
follows the combined gas law): 
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Here, P is pressure, Vis volume, T is temperature and 
the subscripts 1 and 2 refer to initial and final states. 


In_rocketry: Provided there is frozen composition 
flow (see flow type) and for pressures less than ap- 
proximately 100 atmospheres, gaseous rocket ex- 
hausts can be assumed to be a perfect gas and follow 
the combined gas law. 


PERFORMANCE — An organized entertainment event, 
such as a musical, dramatic, operatic or other enter- 
tainment production (including a firework display). 
For the purpose of regulation in the US, a rehearsal 
involving pyrotechnic materials imposes the same 
permitting and other requirements as a performance. 


PERFORMANCE APPLIANCE — Specialized equipment 
used for the safe discharge of pyrotechnics (see spe- 
cial effect appliance) or flame effects (see flame ef- 
fect appliance) before an audience or in conjunction 
with the filming of a motion picture or television show. 


PERFORMANCE PLAN - (Also display plan) — A writ- 
ten plan for a firework display, or for the use of pyro- 
technics or flame effects before a proximate audience. 
Such a plan is typically required as part of an applica- 
tion for a permit for the display or performance. 


One key element of the plan will be an inventory list 
providing the quantity, type and description of the 
fireworks, pyrotechnics and/or flame effects to be 
used. This may be described variously depending on 
the nature of the performance. For example, for a 
firework display this may be described as a show list 
or shot sheet. The plan will include the location, date, 
time and duration of the performance (and possibly a 
rain date) and other important information. 


Other information will include things such as a copy 
of the liability insurance certificate for the show, the 
operator’s or pyrotechnician’s license information, a 
list of assistants and any special measures taken for 
public safety. In addition, the display plan will in- 
clude a site plan, providing the layout of the site in- 
cluding the placement of the pyrotechnics or flame 
effects, the secured boundaries, spectator and fallout 
areas and the distances involved. 


inventory list — (Also show list) — A list of all the 
fireworks or pyrotechnic devices to be used in a fire- 
work display or performance. This will include the 
number and size of the devices to be used. For a 
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firework display, this will include aerial fireworks 
(both high and low level) and ground level fireworks. 
For a proximate audience performance, this will in- 
clude a list of all proximate audience pyrotechnics 
(preloads and binary system devices). 


As an alternate to an inventory list, a detailed script 
of the display or performance, with the sequence of the 
individual devices, may be substituted. This more de- 
tailed list may be described as a cue list or shot sheet. 


site plan — A sketch (i.e., map) of a firework display 
site or of the general area of a performance that in- 
cludes proximate audience pyrotechnics. The plan will 
provide such things as the location of devices to be 
discharged, the location of spectators or audience, the 
location of security personnel and separation distances. 
A possible site plan fora firework display is illustrated 
below. 


eile Plan, Mayfield Golf Course, 7-4-02 
eset 


L 
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North Ave. 
Jackson Ave. 


Rope Boundary | 


Spectator 


12th St. 
Club Chain link fence (all sides) 


X = Locked Gate 
@ = Crowd Monitor 


cue list — See cue list. 
PERFORMER - See spectator. 
PERFUMED SPARKLER -— See sparkler (scented). 
PERGUT™ — See chlorinated rubber. 
PERIODIC LAW — A scientific law that states that when 


the chemical elements are listed in order of their 
atomic numbers, elements having similar chemical 
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properties occur at regular intervals. See Periodic 
Table of the elements. 


PERIODIC TABLE OF THE ELEMENTS — (Also peri- 
odic chart, periodic table or periodic system) — A ta- 
ble of the chemical elements arranged to display the 
Periodic Law. There have been, and indeed are, many 
versions of the Periodic Table; most commonly, the 
elements are arranged in rows and columns so that 
elements having somewhat similar chemical proper- 
ties appear in the same vertical column, as in the ver- 
sion shown on the following page, which is based on 
the publications of Dr. Eric Scerri of UCLA 
(www.ericscerri.com ) This particular version of the 
Periodic Table incorporates the latest work in the 
field and its differences from other tables are inten- 
tional. The horizontal rows are described as ‘periods’ 
and the vertical columns are described as ‘groups’. 
To save space, two sets of 14 consecutive elements 
are taken from the 6" and 7” periods and are placed 
beneath the main body of the table. These two sets of 
elements belong together; they do not form part of 
the groups that lie directly above them in the table. If 
these elements were correctly placed between barium 
[Ba] and lutetium [Lu] in the sixth period and be- 
tween radium [Ra] and lawrencium [Lr] in the sev- 
enth period, the table would be inconveniently wide. 


Arranging the elements in a table to emphasize simi- 
larities in their properties began to be taken seriously 
from the late 1860s and provided a useful systemiza- 
tion of chemistry. It also allowed the prediction of 
properties of several elements that had not yet been 
discovered. 


Historically, there have been many versions of the 
Periodic Table. The history of its development has 
been well covered elsewhere (Scerri, 2007) and will 
not be repeated here, except to note the central con- 
tribution of the Russian chemist Dmitri Ivanovich 
Mendeleev (1834-1907). His work was based on de- 
tailed empirical knowledge of the chemical elements, 
their compounds and their reactions. 


Today, the periodic table is rationalized by referring 
to the electronic structure of atoms (derived from 
spectroscopy, quantum theory and the known chemi- 
cal properties of the elements) and the elements are 
arranged in order of increasing atomic number. The 
atomic number is the number of protons in the atomic 
nucleus, and thus the number of electrons in the neu- 
tral atom. Increasing the atomic number by one 
means that one more electron is present in the popu- 
lation of electrons in each neutral atom. 
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According to a simplified version of quantum theory 
used for rationalizing the Periodic Law, electrons in 
an atom occupy concentric ‘shells’ around the nucleus, 
each ‘shell’ being labeled successively with a quan- 
tum number 7 taking values of 1, 2, 3 and so on. Each 
electron shell in turn is made up of ‘subshells’ of 
‘atomic orbitals’ that are labeled with a second quan- 
tum number /, which can have integral values from 0 
to (n—1). These orbitals, for historical reasons, are la- 
beled as presented below. 


The orbitals in subshells are labeled with the number 
n corresponding to the shell, followed by the letter 
label that identifies the / number of the orbital. Thus, 
for n=1, for example, the subshell consists only of a 
1s orbital; in the next shell, where n=2, there are only 
2s and 2p orbitals, for n=3, there can be only 3s, 3p 
and 3d orbitals and so on. 


For each value of / there is a third quantum number m 
that can have integral values from —/ to +/. Different 
quantum numbers mean different orbitals, so the num- 
bers of s, p, d, fand g orbitals are as presented below. 


Each orbital can be occupied by at most two elec- 
trons; the maximum numbers of electrons in each 
shell are presented below. 


The order in which these orbitals are populated with 
electrons as the atomic number increases is given by 
the so-called ‘Aufbau principle’, illustrated below. 
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As indicated here, the 1s orbital is filled first, then 
the 2s, then the 2p, then the 3s, then the 3p, and so 
on. This order of filling the orbitals, corresponding to 
increasing energy of electrons in the orbital, gives 
perfect results for all but about 20 elements; these ex- 
ceptions (known from spectroscopic measurements) 
do not affect the broad structure of the periodic table 
as outlined below. 


The order of filling the orbitals indicated above im- 
plies that an atom having a set of completely filled 
electron shells will be found at element 2, another at 
8 elements further down the list, then at another 8 
further down again, then at 18 elements still further 
down, and so on. 


The chemical properties of elements can be broadly 
related to the way in which the electrons in their at- 
oms are arranged in atomic orbitals. If the outer elec- 
tron arrangements of the atoms of different elements 
are similar, the elements will almost always have 
somewhat similar chemical properties. Very obvious 
exceptions are the two lightest elements, hydrogen 
[H] and helium [H]). They are unique in that they 
each have only one orbital available for occupation 
by electrons at the energies associated with chemical 
reactions. For this reason, helium is nothing like be- 
ryllium [Be], even though the atoms of both elements 
have two electrons in their outermost orbital. 


The number of elements in each period is related to 
the filling of sets of atomic orbitals with electrons. 
The first period contains only two elements (hydro- 
gen and helium) because the shell having the lowest 
number 7 consists of just the 1s orbital and, as noted 
above, any atomic orbital can hold at most two elec- 
trons. Hydrogen, with an atomic number of one, has 
one electron; the next element, helium, has two, and 
the 1s orbital is full. 


The second period contains 8 elements, because the 
second shell, or set of atomic orbitals, contains at 
most 8 electrons — two in the 2s orbital and two in 
each of three 2p orbitals. The second period begins 
with lithium [Li], which has three electrons. Two of 
these fill the first, lowest-energy 1s atomic orbital 
(just as in helium), while the third electron occupies 
the next-lowest energy orbital in the set of 2s and 2p 
atomic orbitals. The next element, beryllium [Be], 
has two electrons in that second set of orbitals. The 
2s orbital is now full, but because the three 2p orbit- 
als have similar energy to the 2s orbital the electrons 
can easily be moved to the 2p orbitals and participate 
in chemical bonding. The next element, boron [B], 
has three n = 2 electrons, while carbon [C] has four, 
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nitrogen [N] five, oxygen [O] six, and fluorine [F] 
has seven. The next element, neon [Ne], with eight 
electrons in this second set of atomic orbitals, com- 
pletes the filling of the 2s and 2p orbitals. Neon, like 
helium, has a completely filled set of atomic orbitals, 
with no vacant low-energy orbitals, which is why 
both elements are functionally chemically inert. 


Hydrogen, with its single electron in an s orbital, 
might be expected to be similar to lithtum, which has 
a single electron in an s orbital outside the filled 1s 
orbital. In fact, there is no resemblance between the 
two apart from the chemical formulas of some com- 
pounds. Despite this similarity in the chemical for- 
mulas, the chemical and physical properties of the 
compounds are radically different. Nonetheless, in 
nearly all periodic tables hydrogen is placed above 
lithium, in the group described as the alkali metals. 
The justification for this is that the hydrogen atom, 
like those of the alkali metals, has one electron in its 
outer shell. 


The same logic would place helium above beryllium 
[Be], in the group described as the alkaline earth 
metals, as the atoms of all these elements have two 
electrons in the outermost shell. Such a placement 
was indeed proposed by French polymath Charles Ja- 
net (1849-1932) but is almost never seen in modern 
periodic tables. 


From a chemical perspective, the important consider- 
ation is not how many electrons there are in the 
outermost shell but how close that shell is to being 
completely filled. With helium, there are two elec- 
trons in the 1s orbital, the shell is full and thus helium 
is chemically inert. In recognition of this, helium is 
almost universally placed above neon in the periodic 
table, in the same group as the other noble gases, most 
of which are also chemically inert; some heavier mem- 
bers of the group do, in fact, form well-characterized 
compounds. 


Hydrogen, being one electron short of a filled 1s or- 
bital, and thus being one electron short of a full shell, 
might be expected to resemble fluorine, which is also 
one electron short of a filled shell. There are indeed 
some obvious similarities. Both elements form dia- 
tomic gases, both form singly-charged anions [Hand 
F ] that are present in crystalline salts in combination 
with cations such as sodium [Na’] and calcium 
[Ca™]. Furthermore, hydrogen and fluorine can re- 
place each other in many of their compounds. Hydro- 
gen would be better placed as a member of the fluo- 
rine group, to which it has some real chemical analo- 
gies, rather than with the alkali metals. It is difficult, 
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however, to find a periodic table in which hydrogen 
is given what might seem to be its rightful place. The 
table shown in this entry is an exception. 


It should be mentioned that a case has even been made 
that hydrogen, with its half-filled outer shell of elec- 
trons, could be placed above carbon, which too has a 
half-filled outer shell. It has also been suggested that 
hydrogen should stand completely alone in the table. 


Another set of s and p orbitals (labeled 3s and 3p) is 
filled across the third period of elements, beginning 
with sodium [Na] and ending with argon [Ar]. There 
are definite similarities in the chemical properties of 
corresponding elements in the second and third peri- 
ods. 


The fourth period begins, like the second and third 
periods, with a pair of reactive metals (1.e., potassium 
[K] and calcium [Ca]) in which the 4s orbital is being 
filled, but then comes a sequence of metals (scandi- 
um [Sc] through zinc [Zn]) in which the electrons are 
filling the set of five 3d orbitals. Thus, we have a se- 
ries of 10 elements, most of which have chemical 
properties substantially unlike those of any of the el- 
ements in the earlier periods. The exceptions are at 
the beginning and end of the series. Scandium, with 
only one electron beyond the filled 4s orbital, is simi- 
lar to aluminum [Al], which has one electron beyond 
the filled 3s orbital. Similarly, zinc, which has two 
electrons beyond the filled 3d and 4s orbitals, is simi- 
lar to magnesium [Mg], which has two electrons be- 
yond the filled 2s and 2p orbitals. 


When 3d orbitals are full, the electrons in the atoms 
of the following elements begin to fill a set of p or- 
bitals (labeled 4p) similar to those filled in the second 
and third periods. Accordingly, the chemical proper- 
ties of these elements resemble those of the corre- 
sponding elements in the second and third periods. 
For example, gallium [Ga], with three electrons in the 
4s and 4p orbitals, is similar in its chemistry to alu- 
minum [Al]] with three electrons in the 3s and 3p or- 
bitals. Germanium [Ge] with four electrons in the 4s 
and 4p orbitals, is similar to silicon [Si]; arsenic [As], 
with five electrons in those orbitals, resembles phos- 
phorus [P] in its chemistry. Selenium [Se], with six 
electrons, is chemically similar to sulfur [S]. Bro- 
mine, with seven electrons in the 4s and 4p orbitals, 
resembles chlorine [Cl] in its chemical properties. Fi- 
nally, krypton [Kr], with its eight electrons, fills the 
complete set of 4s and 4p orbitals and thus resembles 
argon in being functionally chemically inert. 


A similar process happens in the fifth period, from 
rubidium [Rb] to xenon [Xe]. 


Page 908 


The sixth period begins in much the same way with 
the reactive metals cesium [Cs] and barium [Ba] as 
the 6s orbital is filled, but instead of following the 
previous pattern, a completely new set of seven orbit- 
als, labeled 4f, begins to be occupied and this process 
is complete with ytterbium [Yb]. From then on, the 
elements of the sixth period have similar chemical 
properties to corresponding elements of the fifth. At 
the start of the seventh period, the chemical proper- 
ties of the elements resemble those of the correspond- 
ing elements in the sixth period. After thorium [Th], 
the resemblance almost disappears. The properties of 
uranium [U] are very different from those of neo- 
dymium [Nd]. This is because, in heavy atoms, the 
energy difference between different types of orbitals 
is often small and the most stable arrangement of the 
electrons is not necessarily the same as would be pre- 
dicted by analogy with the electron arrangements in 
lighter atoms. 


The atomic nuclei of all the elements of the seventh 
period are unstable — in other words, the elements are 
all radioactive. Those towards the end of the period 
have only been made artificially and exist only fleet- 
ingly, a few atoms at time. The electronic structures 
of these atoms can be predicted by advanced quan- 
tum theory, and these predicted electronic structures 
have been used to predict the properties of the corre- 
sponding elements. While the chemical properties 
can sometimes be investigated using tracer tech- 
niques, the meaning of the inferred physical proper- 
ties is questionable, as there would seem to be no 
possibility of enough of atoms of these elements be- 
ing assembled to manifest any such properties. 


See periodic table of elements on the following page. 


PERMANENT INSTALLATION (flame effect) — See 


flame-effect installation, type of: 


PERMANENT MATCH — See match, repeatedly ignita- 


ble. 


PERMANENT THRESHOLD SHIFT (hearing) — (Ab- 


breviated PTS) — A degradation of a person’s hearing 
response, which is not expected to improve further 
with time. This is in contrast with a temporary 
threshold shift. 


Permanent threshold shifts are associated with aging 
and exposure to high sound pressure levels. Exposure 
to asingle impulse noise having a level of no more than 
160 dB may produce a measurable noise induced per- 
manent threshold shift (NIPTS) in some individuals. 
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PERMANGANATE OF POTASH — See potassium per- 
manganate. 


PERMEABLE (adjective) — Describes a material that 
can be penetrated by a fluid. Such a material must be 
to some extent porous and the pores must have a sig- 
nificant degree of interconnection. 


In_ pyrotechnics: Significantly permeable materials 
have a greater potential for transitioning from burn- 
ing to deflagration. If a large pellet of composition is 
permeable, then, under moderate pressure, burning 
gases can penetrate the pellet and ignite it throughout 
its interior as well as on its external surface. Several 
powerful explosions (i.e., accidents) have occurred 
because of the unintended and unexpected permeabil- 
ity of compacted compositions. 


PERMISSIBLE EXPLOSIVE — (Also permitted explo- 
sive) — A type of explosive defined by the US Bureau 
of Mines that is permitted for use in mines with 
somewhat gassy (e.g., methane) and/or dusty (e.g., 
coal dust) atmospheres. Permissible explosives are 
designed to produce very little flame. 


PERMISSIBLE EXPOSURE LIMIT — (Abbreviated PEL) 
— See toxicology regulatory term. 


PERMISSIBLE NOISE EXPOSURE — See noise expo- 
sure, permissible. 


PERMIT -— The official approval by the authority hav- 
ing jurisdiction to an individual or business for a spe- 
cific activity. A permit is usually issued for a specific 
period and may only be issued to an individual or 
business that holds an appropriate license. 


PERMITTED EXPLOSIVE — See permissible explosive. 


PEROXIDE ION — [O> *] — The diatomic oxygen anion. 
It is strongly oxidizing and has a charge of negative 
two. Inorganic peroxides are produced in several 
ways: sodium peroxide [Na2O2| can be made by 
burning sodium in air, barium peroxide [BaO2] by 
heating barium oxide [BaO] in air, strontium perox- 
ide [SrO2] by adding hydrogen peroxide [H202] to an 
aqueous solution of a strontium salt and adding am- 
monia [NHs3]: 


Sr’ *(aq) + HoOr(aq) + 2 NH3(aq) + 8 H20 > 
SrO28H2O(s) + 2 NH4'(aq) 


The precipitated octahydrate is collected and then de- 
hydrated by heating at about 150 °C. 
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Inorganic peroxides react with water or acids to form 
hydrogen peroxide [H2O2]. Peroxide compounds, when 
mixed with a fuel, tend to be sensitive to ignition by 
mechanical action (i.e., by friction and impact). 


PERSONAL PROTECTIVE EQUIPMENT — (Abbreviated 
PPE) — While personal protective equipment should 
not be the primary means of providing a safe working 
environment (see safety hierarchy), it is a critically 
important component, especially when working with 
pyrotechnics. 


The requirements for personal protection may be eas- 
ily met for fireworks and most types of amateur rock- 
etry. This is because, while these activities present a 
substantial fire hazard to persons working with them, 
many of these materials are not particularly explosive 
(certainly as compared with high explosives). Fur- 
thermore, when these compositions are confined, 
they are usually contained in paper or plastic casings 
(as opposed to steel). 


Head _ and face protection: One body area typically 
needing protection is the head and face. Probably 
foremost, eye protection is needed. Safety glasses 
(shown below, on the lower right) rated for high im- 
pact can be used for protection against flying parti- 
cles such as from a grinding wheel. Chemical splash 
goggles (upper right) that seal to the face are used 
when working with chemicals that can damage the 
eyes. When there is the possibility for loud sounds 
(e.g., explosions), hearing protection is needed. Typi- 
cally, either earplugs (lower left) or earmuffs (upper 
left) can be effective. 


An example of a hard hat (for head protection) that is 
fitted with both a face shield and earmuffs is shown 
below. This provides a combination of protection for 
the face from low impact particles or sparks and for 
the head from moderate impacts. 
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When working with powders and other materials that 
produce dust, especially dust from materials with 
significant health hazards, 
breathing protection is need- 
ed. In almost all cases, a 
simple nuisance dust mask is 
not sufficient for the task; at 
least a partial facemask with 
filtering cartridges is need- 
ed. An example of such a 
mask is shown at the right. 
In the US, OSHA requires 
workers wearing masks or 
respirators to be medically certified, fit-tested and 
trained before using these devices on the job. 


Hand protection: Whenever there is a significant pos- 
sibility of fire, such as when preparing or working 
with loose pyrotechnic composition, some level of 
hand protection is appropriate. Consideration should 
also be given as to whether the loss of dexterity poses 
a greater hazard. A pair of simple, wrist-covering, 
leatherwork gloves is shown below on the left. These 
offer a moderate level of hand protection from fire 
and a degree of protection from a relatively small ex- 
plosion. For an additional level of explosion protec- 
tion, Kevlar™ gloves that can be worn inside the 
leather gloves are shown below on the right. 


+ Bed 


Body protection: In many situations, some level of 
body (i.e., torso) protection is also appropriate. The 
leather apron, shown below on the left, will afford a 
moderate level of protection from fire and explosion. 
Another possibility, shown below on the right, is a 
small safety shield that can deflect fire and light- 
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weight fragments to provide a level of protection to 
various parts of one’s body depending on the details 
of the shield’s construction and on how it is used. 


In addition to the use of personal protective equip- 
ment, it is appropriate for work areas to have other 
forms of safety equipment. 


PERSONAL USE — The manufacture or possession of 
something (e.g., fireworks or explosives) by an indi- 
vidual with the intent of using it oneself and not selling 
or transferring it to others. (This is in contrast with 
commercial use.) 


PERSONNEL GROUNDING -— See safety equipment 
(ESD conductive equipment). 


PERTURBATION — Any departure introduced into an 
assumed steady state of a system, or a small depar- 
ture from a nominal path such as a desired trajectory. 


PEST AND PREDATOR CONTROL DEVICE — A rela- 
tively small, noise-making pyrotechnic device used to 
scare animals (primarily birds, but also deer, seals 
and other animals) away from various locations (e.g., 
crops, airport runways and fish nets). These items 
typically produce either a screeching whistle or an 
explosion. 


Occasionally, these items are ignited and dispersed 
individually by hand, but more often, they are dis- 
persed as a projectile from some type of gun. Exam- 
ples of both types are shown below. 
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Top left is a shotgun shell that propels a small salute, 
which is shown to the right alongside the shot-shell. 
Upon firing, the salute is propelled a considerable 
distance from the shooter, where the salute then ex- 
plodes with a loud sound. 


The two other items (above, lower) appear identical 
but in fact are significantly different in function. 


Both items have the same general construction on the 
right; a long length of visco fuse enters the device to 
where the charge of flash powder is located. The dif- 
ference between them is the other end of the tube 
(i.e., casing), to the left. In the upper device, this 
space is completely empty, whereas in the lower de- 
vice, the corresponding space has been filled with 
sand. Cut-away examples of these two devices are 
shown below. 


The upper device is typical of those used to send birds 
away from fruit trees or deer from cornfields. The 
lower device (1.e., a seal bomb) is used to send seals 
away from an area where commercial fishing nets 
have been set or where aquaculture pens are located. 
In that case, to be most effective, the small explosive 
charge needs to sink into the water before operating. 
This is why the tube has been weighted with sand. 


In the past, small salutes (prior to their being banned 
in the US) such as M-80s, silver salutes and cherry 
bombs were often used for pest and predator control. 


One method for igniting a series of visco-fused pest and 
predator control devices is to use fuse rope, which 
burns very slowly (i.e., smolders) without producing a 
flame, like a firework punk. An example of fuse rope 
displaying two pest and predator control devices, 
with their fuses intertwined with the fuse rope, is 
shown below. 
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The visco fuse on each small explosive charge is ig- 
nited by the fuse rope as its smolder burning pro- 
gresses slowly along the length of the rope. The 
number of devices and where along the length of rope 
they are inserted determines the timing of the ignition 
of the devices. Typically, the fuse rope with its pest 
and predator control devices is hung from a tree limb 
or post, so that shortly after ignition the small explo- 
sive charges fall to the ground, where they explode. 


Another set of gun-fired pest and predator control 
devices is shown below. In this case, the gun is a 
small, 22-caliber starter pistol fitted with a short 
sleeve on the barrel to temporarily hold one of a variety 
of whistling and/or exploding cartridges. While these 
are not propelled as far as those fired from a shotgun, 
they have the advantage of being more portable and 
convenient to dispense. 


Another method for propelling pest and predator con- 
trol devices uses a rocket. An example is shown below. 


ee. 


This device consists of a small, hand-held launcher 
with (on the right) a rocket exhaust shield to protect 
the hand of the user and a rocket (whistling or ex- 
ploding) with a small tube attached to its motor that 
slides down the length of a guide rod. The launcher is 
then aimed in the general direction of the problem an- 
imal(s) and the fuse is ignited manually. This method 
for dispensing pest and predator control devices has 
ceased to be commonly used, probably because of 
safety concerns. 


The use of pest and predator control devices is al- 
lowed in most (if not all) states in the US, but re- 
strictions often apply. For example, the US Consumer 
Product Safety Commission does not approve the 
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items for general consumer use, so they must be per- 
mitted or dispensed to individuals by the Division of 
Wildlife (or equivalent state agency). 


Some additional types of pest and predator control 
devices include the rodent gas bomb, insecticidal 
smoke and the bird scare cannon. 


Zoe . 
~( <s— Outer Petal 
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PESTLE — See mortar and pestle. 


Inner Petal 
PETAL (fireworks) — A spherically symmetric pattern of of Stars 
stars such as produced by a hard-breaking aerial shell. 
A shell producing only one such spherical pattern 
may be described as single-petaled. Those that pro- Break 
duce more than one concentric pattern are described Charge 


as double-petaled, triple-petaled or sometimes multi- 
petaled. The development of a double-petaled chry- 
santhemum shell with ascending comet effect (i.e., 


ee : : ; : Petals that spread less than one third the diameter of 
tail) is shown below in a time-series of images. 


the full display may be described as pistils, in refer- 
ence to the central reproductive structure of most 
flowers. They may also be described as a heart, filling 
the central area of the pattern. Though usage may 
vary, a pistil typically contains fewer and larger stars 
than a heart. Also a pistil or heart is often much less 
symmetric than the petals. 


PETARD — A French term for an explosive device that 
makes a loud sound. It is a historical term for a fire- 
cracker or salute. Petard also describes a military 
breaching device formerly used to blow holes in the 
walls and gates of fortresses. It was essentially a 
means of holding a quantity of Black Powder against 
the item being attacked; it could range from a crude 
box filled with powder to a device such as that illus- 
trated below, where having ignited the device, the 
fellow is running away (lest he be hoisted with his 
own petard). 


Photo credit: Eldon Hershberger 


To achieve this effect, the stars are placed in concen- 
tric-spherical layers within a spherical shell. Typically, 
the stars nearest the shell wall are the largest in diam- 
eter and longest burning. These stars are propelled 
outward the farthest when the shell bursts. As a mat- 
ter of esthetics, it is common for the inner petal(s) to 
burn out before the outermost petal. In the last two 
images above, only the outer petal continues to be 
visible, with the inner petal having burned out. The 
internal construction of a double-petaled aerial shell 
is illustrated below in cross section. 


Illustration credit: de Malthe, 1633 
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PETN — Abbreviation for pentaerythritol tetranitrate. 


PETRO-AG™ — The trade name for the sodium salt of 
alkylInapthalene sulfonic acid, sometimes added in 
very small percentages (0.01 to 0.1%) to potassium 
nitrate as an anticaking agent. 


PETROHOL — See 2-propanol. 

PETROLATUM — See paraffin (petroleum jelly). 
PETROL BOMB — See gas mine. 

PETROLEUM JELLY — See paraffin. 


PFD —- Abbreviation for personal floatation device. 
These devices are usually required to be worn by per- 
sonnel working on open water. 


PGI - (Also PGII) — Abbreviation for the Pyrotechnics 
Guild International, Inc. 


PGSR DETECTION — Abbreviation for primer gun- 
shot residue detection. 


pH -— A measure of acidity and alkalinity. The expres- 
sion was proposed in 1909 by Danish biochemist 
Soren P. L. Sorensen (1868-1936). The ‘p’ stands for 
‘potens’, which means power in Danish, and the ‘H’ 
stands for ‘hydrogen ion’. pH is defined as: 


pH = — log [H30°7] 


[H30"] is the thermodynamic activity of the hydronium 
ion, which is very closely approximated by the ratio of 
the concentration of H30" (in moles/liter) to the stand- 
ard state concentration of 1 mole per liter. This ratio 
is a pure number, so it is legitimate to take its loga- 
rithm. In practice, given that the denominator in the 
ratio is 1 mole per liter, [H;0"] can be regarded, with 
good accuracy, as a unit less number equal to the mo- 
lar hydronium ion concentration (in moles per liter). 


Since pH is a logarithmic scale, a difference of one 
pH unit is equivalent to a tenfold difference in the 
concentration of H30". 


Water has the property that 
[H30*] x [OH]=10 '* 
and thus 
log [H30"] + log [OH ] =-14 
and 


pH + pOH = 14 
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When the concentrations of H;O°.and OH are the 
same, pH = pOH = 7 and the solution is neutral, nei- 
ther acidic nor basic. As the pH drops below 7, a so- 
lution becomes increasingly more acidic. For example, 
a solution of 1 M perchloric acid would have [H30"] 
= 1 and thus pH ~ 0. As the pH rises above 7, a solu- 
tion becomes increasingly more alkaline. For exam- 
ple, a 1 M potassium hydroxide solution would have 
[OH] ~ 1, pOH = 0 and pH = 14. In practice meas- 
ured pH values can be expected to fall in the range 0 
to 14, though negative pH values and values above 
14 are possible, as evident from the above equations. 


PHARAOH’S SERPENT — See snake (fireworks). 


PHASE - The term has different meanings depending 
on its area of application. 


In chemistry: Phase relates to material in one identifi- 
able physical state (e.g., a solid, liquid or gas). Thus, 
for ice water, one may speak of water as the liquid 
phase, which is distinct from the solid phase (i.e., 
ice). Some solids can have more than one phase, 
wherein the atoms in the crystalline lattice are in dif- 
ferent physical arrangements. 


In physics: Phase expresses a time-based relationship 
between a periodic function and a point of reference. 
In electricity, it may be expressed in angular degrees 
to describe the voltage or current relationship of two 
alternating waveforms. 


PHASE, AMATEUR ROCKET FLIGHT — See rocket 
flight phase, amateur. 


PHASE DIAGRAM (chemistry) — A two-dimensional 
graph documenting the relationship between the gas, 
liquid and/or solid phases (including allotropes or 
polymorphs) of substances present in a material, as a 
function of pressure and/or temperature. The sub- 
stance may be chemical elements or other pure sub- 
stances (including some alloys). 


PHENOLIC RESIN — (Also phenol-formaldehyde resin 
or phenolic) — A class of thermosetting resins pre- 
pared from a combination of a phenol and formalde- 
hyde. Perhaps the best-known phenolic resin product 
is Bakelite™ 


Novolac: Novolac resins are a subclass of phenolic 
resins, differentiated from resole resins (see below) in 
that the proportion of phenol exceeds that of formal- 
dehyde (typically with ratios from 1:0.4 to 1:0.9). 
Commercial novolacs are mostly solids, with a sof- 
tening point of 40 to 110 °C. They do not set by heat 
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alone and are usually cured with hexamethylene- 
tetramine to form an infusible, insoluble cross-linked 
polymer. An example of a novolac resin is iditol, 
which is used in some military pyrotechnic formula- 
tions. 


Resole: — Resole resins are differentiated from novo- 
lac resins in that the proportion of formaldehyde ex- 
ceeds that of phenol. They are made from the reac- 
tion of phenol and formaldehyde in the presence of 
alkali. Resole resins have potential as a pyrotechnic 
fuel in place of some natural resins such as shellac 
and red gum. 


In rocketry: When phenolic resins are used to make 
casings for composite-propellant rocket motors, they 
are typically first mixed with carbon black. For added 
strength, it is also common to add filler materials 
such as chopped fiberglass and even paper. 


Phenolic resins may also be used to impregnate (and 
thus reinforce) the cardboard in body tubes of compe- 
tition rockets. Phenolic body tubes are stiffer than or- 
dinary paper tubes; they are also more brittle, so extra 
care must be taken to avoid damage during construc- 
tion, transportation and recovery. 


Phenolic resins may be used in place of graphite to 
make rocket motor nozzles, especially in high-power, 
single-use motors. 


In fireworks: Some phenolic resins are powdery solids 
at room temperature and have been successfully 
evaluated as substitutes for natural resin fuels such as 
red gum and shellac. The precursor chemicals for 
some phenolic resins are liquids or liquid/solid mix- 
tures, facilitating the formation of pyrotechnic com- 
positions that are extrudable as dough and that subse- 
quently set hard as the resin cross-links. An example 
pyrotechnic composition suggested for making hum- 
mers is presented below (Emkovik, 1999). (For fur- 
ther examples, see thermosetting resin.) 


Ingredient Parts by Weight 


a) Resorcinol glue is a phenolic resin, in this case, primari- 
ly a mixture of resorcinol 15.2 parts and paraformalde- 
hyde 3.8 parts. 


PHENOL-TRINITRATE — See 2,4,6-trinitro-phenol. 
PHENYL-FORMIC ACID — See benzoic acid. 


PHENYLMETHANE -— See foluene. 
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PHILUMENY — See collectables, match-related. 


PHLEGMATIZE — The act of reducing the sensitiveness 
of a pyrotechnic mixture or an explosive to one or 
more of the following ignition stimuli: heat, friction, 
impact or electrostatic discharge. This may be ac- 
complished through the addition of a relatively small 
amount of a phlegmatizing agent. 


PHLEGMATIZING AGENT — (Also phlegmatizer) — A 
solid or liquid substance added to an explosive sub- 
stance to reduce its sensitiveness. The term is most 
commonly used in the context of reducing sensitive- 
ness to friction, in which case the substance used is 
typically an oil or wax. Phlegmatizing agents perform 
in contrast with sensitizers. 


PHMSA - Abbreviation for Pipeline and Hazardous 
Material Safety Administration, part of the US De- 
partment of Transportation that is responsible for is- 
suing EX numbers for explosives, including fire- 
works. 


PHON -— A unit of the /oudness level of sound. Numeri- 
cally, a phon equals the sound pressure level in deci- 
bels (relative to 0.0002 microbar, 0.00002 Pa) of a 
pure 1,000-hertz tone, as judged by listeners to be 
equivalent in loudness. Human hearing sensitivity is 
frequency-dependent, and consequently so is loud- 
ness-level. Thus, while an 80 dB, 1 kHz tone has a 
loudness level of 80 phons, for both 0.1 and 10 kHz 
tones to be perceived at an 80-phon loudness level, 
they must have sound pressure levels of approximate- 
ly a 92 GB. 


PHONON — A quantum of vibrational energy, such as 
collectively possessed and exchanged by atoms in a 
crystal that has thermal energy manifested by the at- 
oms vibrating about their lattice positions. The pho- 
non concept is of value in understanding some chem- 
ical reactions occurring in the solid state. 


PHOSPHORESCENCE — A form of delayed /umines- 
cence in which ultraviolet or visible light energy is 
absorbed by a material and emitted at a longer, visi- 
ble, wavelength. Unlike fluorescence, phosphores- 
cence persists for some considerable time after the 
flow of incident photons stops. 


PHOSPHORIC ANHYDRIDE - See phosphorus(V) oxide. 
PHOSPHORUS — [P] — Phosphorus is a nonmetallic 
chemical element, atomic number 15. Two of the 


several allotropic forms of phosphorus, white (or yel- 
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low) phosphorus and red phosphorus, have long his- 
tories as pyrotechnic fuels. Another form, scarlet 
phosphorus, was formerly used in strike-anywhere 
matches. 


red phosphorus — [P,] — {CAS 7723-14-0, red} — 
(Also amorphous phosphorus) The CAS number sys- 
tem is not precise for allotropes. The CAS number 
7723-14-0 can be applied to all forms of elemental 
phosphorus, despite these being different substances 
with very different properties. 


Red phosphorus is an important pyrotechnic fuel. It is 
not a distinct crystalline form of phosphorus, but ra- 
ther it is amorphous, a variable mixture of several 
molecular arrangements of phosphorus atoms linked 
together in a highly polymerized structure. Red phos- 
phorus is obtained by heating white phosphorus at 
250 to 350 °C in the absence of oxygen, often with a 
catalyst such as iodine. The polymerized product is 
milled with water and then treated with aqueous alkali 
to remove unreacted white phosphorus. Despite this 
treatment, the resulting product may still contain up 
to approximately 100 ppm of unreacted white phos- 
phorus. Red phosphorus is a dark violet-red to or- 
ange-red powder. 


Characteristic (a) 


(s) = sublimes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: none established. 


UN_hazard_ classification: PSN: phosphorus, amor- 
phous; HC: 4.1 — flammable solid (UN1338). 


Chemical properties: Untreated red phosphorus be- 
comes acidic on prolonged exposure to moist air. The 
reaction is self-catalyzing, and red phosphorus ex- 
posed to moist air gradually becomes wet and sticky 
with phosphoric acid. This happens much more 
quickly if the red phosphorus has not been properly 
purified of white phosphorus during its manufacture. 
A type of red phosphorus that has been stabilized by 
encapsulation, making it resistant to air oxidation, is 
commercially available. Several methods of encapsu- 
lating red phosphorus are discussed in US Patent 
4,853,288, awarded in 1989 to German inventors 
Horst Staendeke, Usrsus Thtimmler and Wilhem Ad- 
am. In their preferred process, a layer of an insoluble 
hydroxide is first deposited on each phosphorus par- 
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ticle by suspending the phosphorus in a solution of an 
appropriate salt and then precipitating the hydroxide 
by adding dilute sodium hydroxide solution. A solu- 
tion of a commercial melamine-formaldehyde pre- 
polymer is then added drop wise. After being allowed 
to react for 2 hours at 60 °C, the solid material is sep- 
arated by filtration and dried at 100 °C in a stream of 
nitrogen. As a result of this process, each phosphorus 
particle is coated with a thin layer of an insoluble hy- 
droxide and enclosed in a film of melamine- 
formaldehyde resin. 


Red phosphorus burns in the air with a bright yellow 
flame that is topped with a white smoke generated by 
the production of phosphorus(V) oxide [P4Oj0], which 
immediately reacts with water vapor in the air to pro- 
duce phosphoric acid [H3PO4]. The flame spectrum 
results primarily from HPO molecules, emitting in 
the wavelength range from 644 to 488 nm. 


Chemical_incompatibilities: Red phosphorus can be 
ignited in the air by a strong impact. It becomes quite 
sensitive, especially to friction, and ignites or ex- 
plodes easily when it is mixed with an oxidizer. Great 
care must be taken with mixtures of red phosphorus 
with potassium chlorate, potassium perchlorate or 
ammonium perchlorate, as they are all very sensitive 
to friction and impact, thus requiring wet mixing. 


Red phosphorus that has been scattered on the floor 
cannot be removed completely by washing with wa- 
ter because of the fineness of the particles and its in- 
solubility in water. For safety, one must have a work- 
room that is used exclusively for processing formula- 
tions containing red phosphorus. The same applies to 
tools, furniture, fixtures, clothing and all other equip- 
ment used in the processing of formulations that con- 
tain red phosphorus. 


Red phosphorus, like all flammable solids, can form 
dangerously explosive and readily ignited mixtures 
when the fine dust is suspended in air. 


Mixtures of red phosphorus with some reactive met- 
als such as magnesium and zinc can react exothermi- 
cally, forming the corresponding metal phosphides. 
The mixtures ignite easily; they are examples of 
phosphorus acting as a pyrotechnic oxidizer. 


Pyrotechnic uses: Red phosphorus is the key ingredi- 
ent in compositions used to make the striking surfac- 
es for safety matches, in the striking compositions in 
pull-wire igniters and in the composition on the strik- 
ers for fusees. It is also an essential component of 
Armstrong’s mixture, which is used in toy caps and 


party poppers. 
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Red phosphorus has been used in military screening 
smokes. Some devices for this purpose include stabi- 
lized red phosphorus solidified with butyl rubber. 
This is ignited and dispersed by a small explosive 
charge. Red phosphorus has also been used to make 
some unusual day-night marine signals. 


Historical: Red phosphorus had been noticed as early 
as 1680 when German-born British-apothecary Am- 
brose Godfrey-Hanckwitz (1660-1741) pointed out 
to Irish natural philosopher Robert Boyle (1627- 
1691) a flammable red deposit on the walls of a bell 
jar in which phosphorus had been burned. Over the 
years, other investigators reported observations of 
what must have been red phosphorus. For example, 
in an encyclopedia published in 1807, a description 
of the manufacture of phosphorus included the fol- 
lowing: “The phosphorus produced in this process is 
very brown and foul and is mixed with a good deal of 
a brown red powder which diffuses itself in water 
like clay and consists chiefly of phosphorus so far 
oxygenated as to be no longer combustible.” 


The idea that red phosphorus was an oxide (or some 
other compound) of phosphorus persisted for many 
years. In 1814 the French chemist Joseph Louis Gay- 
Lussac (1778-1850) commented on a red-brown solid 
formed during his investigations of the reactions of 
phosphorus with iodine. Gay-Lussac came close to 
establishing the true nature of red phosphorus, but 
unfortunately, he did not pursue the subject. In 1829 
the Swedish chemist Jo6ns Jacob Berzelius (1779- 
1848) commented on the formation of a red sub- 
stance when common white phosphorus was exposed 
to light. Berzelius’ remarks implied that the red sub- 
stance was another form of phosphorus. In 1840 Ber- 
zelius introduced the term ‘allotropy’ to describe the 
existence of different forms of the same substance in 
the same state of aggregation; two years later he spe- 
cifically stated (in a Swedish publication, published 
in German in 1843) that phosphorus exhibited allo- 
tropy and that one of the allotropic forms was the red 
form, which it assumes after prolonged exposure to 
sunlight. In 1844 French chemist Emile Kopp (1817— 
1875) described the preparation of ethyl iodide by 
adding phosphorus to a solution of iodine in ethanol. 
On distilling the reaction mixture, he found a pow- 
dery solid residue, of a deep red color. When washed 
well, this red substance was “tasteless, odorless, at- 
tracts oxygen from the air only weakly, and is noth- 
ing but phosphorus in its red modification. It can be 
dried on a water bath, without any significant oxida- 
tion, but it is difficult to free it from the last traces of 
moisture. On distillation, it first darkens, and turns in- 
to ordinary phosphorus...” 
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Kopp wrote of ‘phosphorus in its red modification’ 
with no further comment, as if he expected that his 
readers would know (presumably from having read 
Berzelius) that phosphorus had a ‘red modification’. 
Nonetheless, Kopp has often been credited with the 
discovery of red phosphorus. 


Any remaining doubts as to the nature of red phos- 
phorus were removed by the Austrian chemist and 
mineralogist Anton Schrétter von Kristelli (1802- 
1875), professor of chemistry at the Universities of 
Vienna and Graz, who began investigating red phos- 
phorus in 1845 and published the results of his work 
some three years later. In 1849 Schrétter applied for a 
patent (No. 1045) for his method of manufacturing 
red phosphorus. He then sold the British patent rights 
to the British industrialist Arthur Albright (1811- 
1900), who developed the production of red phospho- 
rus on an industrial scale. These days, textbook and 
on-line discussions on the history of red phosphorus 
commonly name Schrétter as the discoverer of red 
phosphorus. This has led to a peculiar anomaly in ac- 
counts of the history of matches. It is correctly 
claimed that red phosphorus was used in the striking 
surfaces for the original safety matches in 1844, 
which shows that red phosphorus was in use before 
its true nature was established by Schrotter’s work, 
published in 1849. 


scarlet phosphorus — [P,,] — (Also Schenck’s scarlet 
phosphorus, bright-red phosphorus) — An obsolete 
pyrotechnic fuel, once used to a small extent in 
‘strike anywhere’ (SAW) matches. Scarlet phosphorus 
is a dark red powder. 


Historical: This form of phosphorus was discovered in 
1902 by German chemist Friedrich Rudolf Schenck 
(1870-1965), who made it by boiling a solution of 
white phosphorus in  phosphorus(III) bromide. 
Schenck believed it to be a very finely divided form 
of red phosphorus. It was noticeably more reactive 
than common red phosphorus but resembled it in be- 
ing free from the toxic properties of white phospho- 
rus. Schenck and others recognized its potential as a 
replacement for the highly toxic white phosphorus in 
‘strike-anywhere’ matches of the time. This led to the 
development of an industrial process for its manufac- 
ture (US Patent 804,555). Examples of its use in 
strike-anywhere (SAW) matches were disclosed in 
US Patents 724,411 and 779,674. In the early part of 
the 20° century, SAW matches, based on scarlet 
phosphorus, were produced commercially in the UK 
and elsewhere, but this expensive form of phosphorus 
was soon displaced by the less costly and more effec- 
tive phosphorus sesquisulfide. 
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white phosphorus — [Ps] {CAS 12185-10-3} — 
(Also yellow phosphorus, tetraphosphorus, WP, Willy 
Peter) Note: The CAS number system is not precise 
for allotropes. The CAS number 7723-14-0 can be 
applied to all forms of elemental phosphorus, despite 
their being different substances with very different 
properties. The CAS number 12185-10-3 is properly 
applied only to the Py allotrope, which may be de- 
scribed as either white or yellow phosphorus, which 
is the same substance. Solid Py, is a wax-like, crystal- 
line solid that is white when pure and freshly made or 
yellow if impure or after prolonged exposure to light. 


White phosphorus has long been abandoned (and in 
most jurisdictions prohibited) as an ingredient in 
matches and in fireworks, but it is of considerable 
historical interest as a pyrotechnic fuel. The mole- 
cules of white phosphorus consist of four phosphorus 
atoms arranged on the corners of a tetrahedron, with 
each atom bonded to three others. It is made in vast 
quantities by heating phosphate rock, silica sand and 
coke in an electric furnace. 


Characteristic 


Empirical formula weight | 30.97 g/mol 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.1 mg/m*. White 
phosphorus is highly toxic (approximately 50 mg is 
considered a lethal dose for an adult). Also chronic 
exposure to relatively low concentrations, such as the 
vapor present in air exposed to wet compositions 
containing white phosphorus, produces phosphorus 
necrosis of the jawbone. This arises when phosphorus 
in inhaled vapor reaches the jawbone by way of de- 
cayed teeth. Bone tissue in the jaw will eventually die 
and decay, causing pain, disfigurement and ultimately 
death. This horrible condition, known as phossy jaw, 
was once common among workers engaged in the 
manufacture of strike-anywhere matches that con- 
tained white phosphorus. The problem was solved 
when new strike-anywhere match head formulations, 
free from white phosphorus, were introduced. 


UN hazard classification: PSN: phosphorus, yellow, 
under water; HC: 4.2 — spontaneously combustible, 
poison (UN1381). 
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Chemical properties: White phosphorus has a high 
vapor pressure at room temperature. The reaction of 
the vapor with oxygen and water in moist air at room 
temperature causes a chemiluminescent glow, visible 
in the dark as a weak greenish light. 


White phosphorus is metastable with respect to red 
phosphorus and slowly polymerizes when exposed to 
light, resulting in the originally almost colorless ma- 
terial turning pale yellow and then becoming increas- 
ingly darker in color, especially on the surface. It 
spontaneously ignites in air at 30 °C to produce cor- 
rosive white smoke (phosphorus(V) oxide), which 
immediately reacts with water vapor in the air to pro- 
duce phosphoric acid [H3PO,]. This same acid is 
formed when white phosphorus is gradually oxidized 
by oxygen in moist air. 


Chemical incompatibilities: White phosphorus should 
not be exposed to the air (1.e., it should be stored un- 
der water). It should not have contact with alkalis, 
oxidizing agents, carbonates, sulfates, sulfur or oxy- 
gen, and it should not be mixed with powdered mag- 
nesium, aluminum or zinc. 


In_military pyrotechnics: Weapons containing white 
phosphorus have been banned under Protocol III of the 
Geneva Convention on Certain Conventional Weapons 
since 1980. 


In matches: See matches, historical. 


In fireworks: White phosphorus is of historical inter- 
est as an ingredient in some highly sensitive compo- 
sitions, such as those used to make spit devils. Alt- 
hough these devices were entertaining, the hazards 
associated with their manufacture, storage and use 
are completely unacceptable by modern standards. 
There are accounts of white phosphorus having been 
used as a garniture in firework display rockets. (See 
firework rocket type, specific (liquid fire rocket). 


Historical: White phosphorus was prepared in 1669 
by the German alchemist Hennig Brand (ca. 1630-ca. 
1710), who obtained it by distilling human urine. The 
strange properties of the substance attracted great in- 
terest, but the method of its preparation was kept se- 
cret. In 1677 German chemist Johann Kunckel 
(1630-1703) independently prepared phosphorus. 


Irish natural philosopher Robert Boyle (1627-1691) 
also independently prepared phosphorus from urine, 
and in 1680, he described the process in a paper pre- 
sented to the Royal Society. Boyle was the first to 
discuss phosphorus on a scientific basis. He also in- 
vented a fire-making apparatus based on phosphorus. 
A small quantity of phosphorus on coarse paper ig- 
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nited by friction when a sulfur-coated splint was drawn 
across it, setting fire to the sulfur. 


French chemist Antoine Lavoisier (1743-1794) in- 
cluded phosphorus in his list of ‘simple substances’ 
(i.e., chemical elements) published in 1789. 


PHOSPHORUS(V) NITRIDE — [P3Ns]— {CAS 12136-91- 
3} — (Also triphosphorus pentanitride, phosphorus ni- 
tride). 


A pyrotechnic fuel and white smoke generating 
agent. Phosphorus(V) nitride is a colorless, crystal- 
line solid or white powder when pure; the commer- 
cial product (>98% pure) is an orange solid or a 
white to light red powder. 


a) Code for reference source, see preface. 


Health information: TLV: none established. Phospho- 
rus(V) nitride is not classified as hazardous but may 
be harmful if swallowed or inhaled. 


UN hazard classification: PSN: none. HC: not classi- 
fied as dangerous for transport. UN Number: none. 


Smoke generation: Phosphorus(V) nitride is a highly 
effective and safe alternative to red phosphorus in py- 
rotechnic smoke generators. An example formulation 
is presented below (Koch, 2016). 


Ingredient Parts by weight 


PHOSPHORUS(V) OXIDE — [P4O10]— {CAS 1314-56-3} 
— (Also phosphorus pentoxide, phosphoric oxide or 
phosphoric anhydride) 


Phosphorus(V) oxide is the product of the combus- 
tion of phosphorus (in any form). It is deliquescent 
and reacts exothermically with water to produce 
phosphoric acid [H3PO4]. Phosphorus(V) oxide is 
white as crystals or powder, and it has a pungent, 
sharp, irritating odor. The molecular structure corre- 
sponds to the formula P4O10; the formula weight and 
enthalpy of formation presented below are based on 
the empirical formula P2Os. 
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Characteristic 


(s) = sublimes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 2 mg/m? (inhalable 
dust). 


Properties: Phosphorus(V) oxide exists in several 
crystalline forms, so it is not possible to specify a 
unique set of physical properties. The common hex- 
agonal (or ‘H’) form obtained by burning phosphorus 
consists of discrete P4019 molecules and is metastable. 
It can be transformed into polymeric forms by heat 
and pressure. The hexagonal form does not melt at 
atmospheric pressure but sublimes at 360 °C. In a 
closed system, it melts at 420 °C and polymerizes. 
There is a metastable polymeric form melting at 562 °C 
and a stable one, having a different crystal structure, 
which melts at 580 °C. The hexagonal form reacts 
very violently with water, but the polymeric forms 
react only slowly. 


PHOSPHORUS PENTOXIDE - See phosphorus (V) oxide. 


PHOSPHORUS SESQUISULFIDE — [P.S;] — {CAS 
1314-85-8} — (Also tetraphosphorus trisulfide). 


A pyrotechnic fuel used in strike-anywhere matches 
and in spit devils. Phosphorous sesquisulfide is a yel- 
low crystalline solid when pure, whereas commercial 
samples are often yellow-green to grey. 


a) Code for reference source, see preface. 


Health information: TLV: none, but there are TLVs 
for the gases it can release: sulfur dioxide [TLV- 
STEL 0.25 ppm (0.65 mg/m*)] is released when it 
burns, and hydrogen sulfide [TLV-TWA 1.0 ppm 
(2.6 mg/m*)] is slowly released on contact with water 
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or digestive juices. Phosphorus sesquisulfide is pre- 
sumably acutely toxic by ingestion. It is a skin and 
respiratory sensitizer and may cause allergic dermatitis 
and asthma. No other chronic hazard data are available. 


UN hazard classification: PSN: Phosphorus sesquisul- 
fide, free from yellow and white phosphorus. HC: 4.1 
Flammable solid. UN Number: 1341. 


Structure: The P4S; molecule can be thought of as a 
P4 tetrahedron in which a sulfur atom has been inserted 
in each of 3 of the 6 P-P bonds. The name ‘sesquisul- 
fide’ is a misnomer; ‘sesqui’ means ‘one and a half’ 
and is properly applied to compounds of the generic 
formula M2X3. None the less, the name is well- 
entrenched and seems always to refer to P4S3. The 
name originated because in 1864, when P4S3 was dis- 
covered, it was assumed that the atomic weight of 
sulfur was half the value that we now know to be cor- 
rect; thus, analysis of P4S3 yielded the empirical for- 
mula P2S3 and the new compound was named ‘phos- 
phorus sesquisulfide’. 


Source: Phosphorus sesquisulfide is manufactured by 
carefully heating the elements together in the correct 
proportions in an inert atmosphere. 


History: Phosphorus sesquisulfide was discovered in 
1864 by French chemist Clement Georges Lemoine 
(1841-1922) and disclosed in his doctoral thesis in 
1865, phosphorus sesquisulfide became commercially 
important when French engineers Henri Sévéne 
(18??-1917) and Emile-David Cahen patented its use 
as a far safer substitute for white phosphorus in strike- 
anywhere matches. 


PHOTOELECTRIC CELL — A transducer that converts 
light (i.e., electromagnetic radiation in the infrared, 
visible and ultraviolet regions of the electromagnetic 
spectrum) into electrical quantities such as voltage, 
current or varying resistance. 


PHOTOFLASH BOMB — A now obsolete military de- 
vice, dropped from an aircraft for illuminating the 
ground below for aerial photography. Historically, 
photoflash bombs were used by the military in recon- 
naissance operations during World War II and subse- 
quent conflicts. Such bombs contained up to 82 
pounds (37.2 kg) of photoflash powder (see flash 
powder). The American M120 photoflash bomb is 1l- 
lustrated farther below. 


photoflash cartridge — A pyrotechnic cartridge de- 
signed to produce a brief, intense illumination for low 
altitude night photography. Such devices are typically 
designed for electrical firing from a multi-barrel ejec- 
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tor device mounted in an aircraft, which is timed to 
synchronize with camera exposures. An example is 
the American M123A1, illustrated below. 
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PHOTOFLASH POWDER — A metal, fuel-rich pyro- 


technic mixture that produces a large amount of visible 
light for photographic purposes. When unconfined and 
in relatively small amounts, photoflash powder only 
burns quickly rather than exploding. See flash powder 


type. 


PHOTOMETER -— (pronounced f6-t6m'-i-tor) — An in- 


strument used to measure light intensity or the optical 
properties of solutions or surfaces. Photometers are 
used to measure the light properties such as illumi- 
nance, irradiance, light absorption, scattering of light 
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by media, reflection of light, fluorescence, phospho- 
rescence and luminescence. 


Most photometers detect light with a photoresistor, a 
photodiode or, for low-intensity light sources, a pho- 
tomultiplier. The photometer may also measure the 
spectral distribution of light (i.e., its intensity as a 
function of wavelength) after the light has passed 
through a filter, a monochromator or a prism and then 
to a detector or an array of detectors. 


PHOTOMETRIC QUANTITIES — Attributes used to 
compare sources of visible light, for example, lumi- 
nous intensity, luminous flux, luminous efficacy and 
luminance. 


PHOTOMETRY -— The branch of physics dealing with 
the measurement of the intensity and characteristics 
of light sources. (See photometer). 


PHOTOMICROGRAPH — An image of high magnifica- 
tion produced optically (i.e., using a light source) 
such as obtained from a light microscope. Photomi- 
crographs have one significant advantage in compari- 
son with electron micrographs and two significant 
disadvantages. The advantage is the ability to pro- 
duce colored images as opposed to monotone (i.e., 
grayscale) images. One disadvantage is that very high 
levels of magnification are not possible, but a proba- 
bly more important disadvantage is the much shorter 
depth of field, resulting in an image that is quite blurry 
foranon-planar object. Nonetheless, the much greater 
ease of use and lower cost of a light microscope 
compared with an electron microscope provide many 
cases where light microscopy is a useful investigative 
tool for the pyrotechnist. Farther below are two ex- 
amples of photomicrographs of pyrotechnic interest. 


This first photomicrograph shows the cross section of 
firework time fuse, revealing the 4 powder threads, 
the wrap of threads around the powder core, two layers 
of paper with an asphalt layer between and an outer 
sparse wrap of threads. 


A second photomicrograph is of an electric match 
that had its tip carefully sanded down to the point of 
just exposing the bridgewire (red arrow), shown far- 
ther below. Clearly seen are the primary (i.e., inner 
cream-colored material — black arrow) and the sec- 
ondary (i.e., outer brown-colored material — white ar- 
row) layers of match composition. Also clearly seen 
is a void in the primary composition (green arrow). It 
is thought that such voids may significantly increase 
the sensitiveness of an electric match tip to accidental 
ignition from impact. 
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PHOTON — The elementary quantity or quantum of 


electromagnetic energy, of which light, radio waves 
and X-rays are examples. (See quantum theory.) 


The relationship between a photon’s energy (£), 
wavelength (A) and frequency (v) is: 
_hve 

A 


Here, h is Planck’s constant (6.6310 ** J-s) and c is 
the speed of light (3.00x10° m/s). 


E=h-v 


PHOTON ENERGY — See energy (photon energy). 


PHOTOVOLTAIC CELL — A semiconductor diode that 


converts light to electric current. When light photons 
strike the exposed active surface of the cell, they ex- 
cite electrons in the crystal to higher energy levels. 
Some of these electrons have enough energy to cross 
the diode junction and pass through an external cir- 
cuit. 
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Photovoltaic cells in large arrays are commonly used 
to produce electricity. Small photovoltaic cells are 
commonly used as sensors to detect light producing 
events, such as an explosion or fire (see fire suppres- 
sion system, explosive). 


PHTHALOCYANINE BLUE — See copper(II) phthalocy- 
anine. 


PHYSICAL FORM - EFFECT ON BURN RATE — See 
burn rate, factor affecting. 


PHYSICAL SENSITIVENESS — See sensitiveness. 
PHYSICAL SMOKE - See smoke-generation mechanism. 
PHYSICAL STRENGTH — See strength, physical. 


PIC — Abbreviation for plastic igniter cord (Mantitor 
cord). 


PICRATE ION — [CsH2N307 | 


The anion of 2,4,6-trinitro-phenol, which is commonly 
known as picric acid. 


Structural formula: 


Many metal picrates are highly sensitive primary ex- 
plosives, of interest mainly because of the danger as- 
sociated with their unintended formation during the 
handling of picric acid and its salts. Historically, 
ammonium picrate and potassium picrate were used 
in pyrotechnics and explosives. Lead picrate mono- 
hydrate was used as a primary explosive in percus- 
sion caps and detonators. 


PICRATE POWDER - See powder type. 


PICRIC ACID and PICRONITRIC ACID — See 2,4,6- 
trinitro-phenol. 


PICRYLMETHYL-NITRAMINE or PICRYLNITRO- 
METHYLAMINE — See methyl-tetranitro-aniline. 


PIEZOELECTRIC BLAST GAUGE - See blast gauge, air. 
PIEZOELECTRIC CRYSTAL — Crystalline material so 
constituted that, when mechanically stressed in spe- 


cific directions, an electrical charge appears on the 


Page 922 


surface of the crystal in direct proportion to the ap- 
plied stress. Piezoelectric crystals are used in trans- 
ducers for measuring the output of explosives be- 
cause of their fast response time as compared with 
other sensors. 


PIEZOELECTRICITY — A property exhibited by some 
crystalline, ceramic materials or even biologic mate- 
rials that, when subjected to a stress in some direc- 
tion, develop an electric charge across the material. 
The inverse is also true — when these materials are 
subjected to a voltage, they deform in response. 


It has been hypothesized that piezoelectric effects in 
pyrotechnic compositions may be responsible for some 
accidental ignitions and for transitions from rapid 
burning to explosion, but this has not been verified. 


PIEZOELECTRIC TRANSDUCER — A device in which 
a piezoelectric element senses transient forces (or 
pressure) and responds with an electrical signal. Such 
devices are frequently used in the field of pyrotech- 
nics to measure short-duration forces and pressures. 
Two force transducers (one is rotated 90° from the 
other) are shown below. The force is sensed by a 
compression as suggested by the red arrows. Alterna- 
tively, for most transducers, a tension can also be 
sensed in a direction opposite to the arrows. The elec- 
trical connections are on the ends of the transducers 
to the left. 


For the pressure transducers, shown below, the elec- 
trical connection is on the left and the pressure is 
sensed at the right. 


Piezoelectric transducers are used in many trigger- 
actuated propane torches and some igniters. The im- 
pact of a trigger-released spring on the transducer is 
converted to an electric discharge spark that ignites 
the gas flowing from the unit. Some examples are 
shown below. 
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PIGEON (fireworks) — See firework rocket type, basic 
(line rocket). 


PILED SHELL — See multibreak aerial shell. 


PILL (UK) — A plastic tube filled with explosives, es- 
pecially useful for charging a wet borehole. The same 
type of charge may be described as a sausage in other 
countries. 


PILL BOX (historical) — A small aie cardboard 
or paper box, widely used in 
Victorian times to hold me- 
dicinal tablets (pills). An ex- 
ample is shown on the right. 


The name pill box is applied 
to a type of match box and to 
a type of firework star, be- 
cause of a perceived resem- 
blance of these objects to 
such a paper pill box. 


PILLBOX STAR — See star manufacturing (box star). 


PILOT (adjective) — Implies the first of something or an 
initial event. For example, a pilot plant is the initial 
facility for some process being developed, and the pi- 
lot light on a gas stove burns to provide the ignition 
of the gas burners when they are turned on. 


It is common to find the word pilot being used as a 
noun, where a pilot flame or other pilot source is 
simply described as the pilot. 


In fire testing: In one type of testing, the ignition and 
burning characteristics of non-pyrotechnic materials 
are determined by exposing the material to a small (1.e., 


Encyclopedic Dictionary of Pyrotechnics 


pilot) flame of a specified nature, usually with the 
flame in contact with the material. That type of igni- 
tion is described as piloted ignition. In other testing, the 
specified pilot source can be sparks or a hot wire. 


In pyrotechnic testing: In ignition-sensitiveness test- 
ing of one type, the pyrotechnic material to be tested 
is exposed to a pilot flame (of a specified character) 
that is held over the material but often not in direct 
contact with it. In other testing, the ignition pilot 
source can be a specified spray of sparks caused to 
fall onto the material under test. 


PILOT (flame effect) — A reliable ignition source for 
use with a flame effect. 


hard pilot — A pilot consisting of a small, sustained 
flame. 


soft pilot — A pilot consisting of a persistently- 
burning spark gap or surface of some sort that is 
heated to well above the ignition temperature of the 
fuel intended to be ignited. 


proven pilot — A pilot that is supervised (i.e., moni- 
tored) by the control system of a flame effect to verify 
the pilot is operating properly. The control system 
must be designed such that the primary fuel source 
cannot be turned on unless the proper operation of the 
pilot has been verified (i.e., proven). 


PILOTED IGNITION — See ignition, piloted. 


PILOT PARACHUTE -— See parachute (drogue para- 
chute). 


PILOT’S LIGHT — See marine signal (blue light). 
PINE CHARCOAL — See charcoal, wood. 


PINE POLLEN — [processed biological product] 


Pollen of various coniferous trees, especially of the 
Maritime Pine (Pinus pinaster), was once used as a 
pyrotechnic fuel. It was collected from pine forests, 
washed first with cold water, then with hot water, to 
remove materials that would otherwise cause it to pu- 
trefy. After drying, the product was an extremely fine 
yellow powder, insoluble in water and alcohol and 
stable on storage. 


PINE-ROOT PITCH — A type of wood rosin reportedly 
obtained in Japan as a byproduct of the manufacture 
of turpentine during World War II. Crude pine resin, 
extracted from the roots of pine trees, was distilled to 
produce turpentine. Pine-root pitch was the molten, 
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nonvolatile residue, which, after cooling, was pow- 
dered for use as a fuel in some pyrotechnic composi- 
tions. The source of the resin, and the particular con- 
ditions used in its distillation, led to the residue left 
after distillation having somewhat different character- 
istics from those of common wood rosin. 


Pine-root pitch is a glossy, black mass that softens 
between 40 to 60 °C. It is insoluble in water but partly 
soluble in alcohol. Because of its low softening tem- 
perature, powdered pine-root pitch cakes during stor- 
age, similar to common wood rosin. 


The carbon content of pine-root pitch is somewhat 
lower, and the oxygen content is somewhat higher 
than that of common wood rosin, which results in 
less flame color interference than is produced by 
common wood rosin. Pine-root pitch burns in combi- 
nation with ammonium perchlorate, at a fuel to oxi- 
dizer ratio of 2 to 10, to produce a brilliant white 
flame. When used in combination with potassium 
perchlorate, it produces a burn rate that is as fast as 
that of chlorate compositions. Japanese pyrotechnists 
found it very useful as a fuel in non-chlorate compo- 
sitions for stars in chrysanthemum shells. 


An approximate chemical formula for pine-root pitch 
is CoHo5401.03, with an estimated enthalpy of for- 
mation of — 221 kJ/mole (Meyerriecks, 1999). 


Pine-root pitch, as a waste product of an obsolete in- 
dustrial process, is increasingly difficult to obtain and 
is no longer extensively used (if it is used at all), even 
in Japan. 


PINKS — A name historically applied to the flower-like 
sparks produced by spur fire (e.g., it was used by 
Robert Jones in 1766). Thus, the burning globules of 
molten dross discharged from a traditional flowerpot 
fountain were called ‘pinks’. The name was also 
sometimes used for small hand-held fireworks that 
produced a single ‘pink’ (i.e., a molten globule that 
sparkled as it burned), such as Senko-hanabi and 
Japanese matches. Trevor Clarke, who had encoun- 
tered the effect in his childhood, mentioned this us- 
age in 1865. 


The name ‘pinks’ seems to have originated from a re- 
semblance of the burning globules to the flowers of 
the garden plants (i.e., Dianthus superbus) commonly 
called pinks. One of these flowers is shown below, 
where the branching petals are similar in appearance 
to the branching sparks of spur fire. 
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Photo credit: Bernd Haynold 


PIN METHOD — See VOD determination, method for. 
PIN MILL — See mi// (disk mill). 


PIN-TO-PIN and PIN-TO-CASE (electrostatic dis- 
charge) — Two types of discharges capable of acci- 
dentally initiating the electric match in detonators and 
squibs. A pin-to-pin discharge occurs through the 
bridgewire of the electric match in the device by way 
of the device’s leg wires (i.e., the pins). A pin-to-case 
discharge occurs from the bridgewire to the metal 
jacket (1.e., the case) of the device. These two types 
of accidental initiations are discussed more fully in 
the entry electric match sensitiveness (electrostatic 
discharge sensitiveness). 


PINWHEEL — See wheel type (Catherine wheel). 


PIOBERT’S LAW — The statement of the observation, 
made in 1839 by French military officer, engineer 
and scientist Guillaume Piobert (1793-1871) that the 
burning of a homogeneous propellant grain proceeds 
at a uniform rate in a direction normal (i.e., perpen- 
dicular) to the burning surface. Accordingly, the 
burning surface recedes in parallel layers and may be 
described as parallel burning. Since the entire ex- 
posed propellant surface receives heat from the sur- 
rounding combustion products at the same rate, the 
entire surface burns at the same rate. See burn type, 
pyrotechnic (parallel burning). 


PIPE — Jargon for mortar (fireworks). 
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PIPE BOMB — An improvised explosive device (IED) 
made from a pipe to cause destruction. The term (as 
jargon) is also frequently applied to some scientific 
test devices that appear similar in construction. 


PIPED MATCH — See quick match (noun). 


PIPELINE AND HAZARDOUS MATERIAL SAFETY 
ADMINISTRATION (US) — (Abbreviated PHMSA) — 
An agency of the US Department of Transportation 
responsible for issuing EX numbers for explosives, 
including fireworks. For more information see: 
www.phmsa.dot.gov/hazmat. 


PISTIL (fireworks) — A distinct cluster of firework 
stars near the center of the flower-like display of stars 
produced by a chrysanthemum or peony shell. The 
name derives from the perceived resemblance of this 
central group of contrasting stars, in the middle of the 
‘flower’ of stars, to the pistils (female reproductive 
organs) at the center of a botanical flower. In the 
classic (i.e., Japanese) form, pistils are a small, dense 
symmetrical spherical pattern of stars inside the break 
of a chrysanthemum or peony shell. A pistil that 
spreads to greater than one third the diameter of the 
break is usually termed a petal. Pistils of this type are 
difficult to produce in shells smaller than 5 inches 
(127 mm) in diameter. 


Pistils can also be composed of a random display of 
contrasting color stars or other effects within a larger 
outer petal of the shell. In that case, the construction 
of this type of shell may be as illustrated below in 
cross section. 


asd GN 
PUP GAN a Outer Petal 


of Stars 


Pistil Stars 


Many variations exist, and the term is often loosely 
applied. Botanical pistils are imitated in some shells 
by displaying just a few, large contrasting bright stars 
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at the center of the outer spherical star pattern. An 
example of this is shown below. 


Photo Credit: Eldon Hershberger 


Pistils are like a heart, but the stars in a pistil are typ- 
ically fewer in number, possibly brighter and of longer 
in duration. 


PISTON ACTUATOR — See actuator, explosive. 


PISTON EJECTION (rocketry) — The use of a sliding 
piston (usually a combination of a bulkhead and a 
tube coupler) to force the recovery device out of a 
rocket body. The piston protects the recovery system 
from hot ejection gases and eliminates the need for 
recovery wadding or ejection baffles. 


PITCH — The rotational or oscillatory (i.e., up and 
down) movement of a rocket or other device about its 
lateral-transverse axis of rotation. For pitch axis, see 
axis of rotation (rocketry). 


PITCH (acoustics) — The attribute of auditory sensation 
that allows the ordering of sounds on a frequency 
scale extending from low to high. Pitch depends pri- 
marily upon the frequency of the sound stimulus, but 
it also depends somewhat upon the sound pressure 
level and the waveform of the sound. 


PITCH (substance) — Various especially viscous sub- 
stances obtained as the residue from distillation of an 
exudate from a plant (such as pine resin, in the manu- 
facture of turpentine), or of wood or petroleum. Pitch 
is occasionally used as a fuel in pyrotechnics and 
(formerly) as a component of some rocket propel- 
lants. 


PITCH AXIS — See axis of rotation (rocketry). 
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PITOT-STATIC TUBE — (Also Prandtl tube) — A dou- 
ble-walled tube arrangement combining the design of 
a Pitot tube and a static tube into a single device, as 
illustrated below in cross section. 


When introduced into a fluid flow, such as the air 
past a rocket in flight, the forward-facing hole 
measures the total pressure (i.e., stagnation pressure) 
of the airflow. The side holes sample the slipstream 
passing by the tube, thus measuring static pressure. 


Typically, the Pitot-static tube is mounted on the tip 
of the nose cone of a rocket. The air velocity is de- 
termined by the difference between the total pressure 
(P,) and the static pressure (P;). The total pressure is 
measured with a Pitot tube facing the flow and the 
static pressure is measured with a series of small 
openings perpendicular to the flow. The relationship 
below, between the pressure difference, air velocity 
(v) and air density (~), can be derived from the appli- 
cation of Bernoulli’s effect: 


Solving the equation for flow velocity: 


ical 


fe) 


Bernoulli’s effect and thus the above equation as- 
sume that the fluid is incompressible. Thus, for a 
rocket, the calculation is only accurate at relatively 
low altitudes and for Mach numbers less than approx- 
imately 0.3, where air flows behave as if they were 
incompressible. Other more complex equations, 
based on this same pressure difference, are accurate 
for more extreme airflow conditions. 


PITOT TUBE — Named after the French physicist, Henri 
Pitot (1695-1771). It is an open-ended tube or tube 
arrangement that, when immersed in a moving fluid 
with its open end facing into the fluid flow, (illustrated 
below in cross section) can be used to measure the 
stagnation pressure. 


—> —> 
>| 
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PLACARD — The ‘square-on-point’-shaped (i.e., dia- 
mond-shaped) colored sign placed on vehicles trans- 
porting dangerous goods. The placard indicates the 
UN hazard class and division, thus indicating the na- 
ture of the cargo as required by various transportation 
regulations. Examples of placards for some oxidizers, 
flammable solids and explosives are shown below. 


PLAIN DETONATOR — See detonator. 


PLANCK’S CONSTANT — (Symbol: h) — A constant of 
proportionality in guantum theory between a pho- 
ton’s energy (£) and its frequency (v), and thus its 
wavelength (A) and the speed of light (c): 


E=h-v=h-— 
A 


Plank’s constant, named for German physicist Max 
Planck (1858-1947) has the dimension of action (en- 
ergy x time) and the value of 6.626x10~** J-s. This 
constant is important in our understanding of atoms, 
molecules and their emission of light. 


A closely related constant is the reduced Planck’s 
constant that is equal to the Planck’s constant divided 
by (or reduced by) 2z and is denoted h (h bar): 


h 


h=— 
20 


The reduced Planck’s constant is used when frequency 
is expressed in radians per second (i.e., angular fre- 
quency) instead of cycles per second. 


PLANCK’S EQUATION, PLANCK’S LAW and 
PLANCK’S RADIATION FORMULA — See radiation 
law. 


PLANET SHELL (fireworks) — See Saturn shell. 


PLANE WAVE -— A wave in which the wave front is a 
plane that is normal (1.e., perpendicular) to the direc- 
tion of its propagation. 


PLASMA — The fourth state of matter. Plasma consists 
of a gas that has been at least partially ionized. The 
glowing gas inside an operating neon sign or fluores- 
cent tube is plasma. Plasma differs from gas in that it 
has a high electrical conductivity and responds to a 
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magnetic field. Only a very low degree of ionization 
is required for such characteristics to become evident. 
For example, in the inductively coupled argon plasma 
commonly used for analytical spectroscopy, less than 
1% of the argon atoms are ionized. Flames are par- 
tially ionized gases and can therefore be loosely de- 
scribed as plasmas. Plasmas that have as many posi- 
tive charged ions as electrons are said to be neutral; 
all pyrotechnic flames are neutral plasmas. The pres- 
ence of ions in pyrotechnic flames and explosions al- 
lows the use of conductivity sensors to measure their 
propagation rates (see VOD determination, method 
for (pin method). 


PLASTER OF PARIS — See calcium sulfate hemihy- 
drate. 


PLASTIC — A generic term for any polymeric material 
that can be made into a permanent shape by heat and 
pressure or by chemical action. Such materials may 
contain other substances to improve performance or 
reduce costs. The polymers can be based on natural 
materials (e.g., cellulose) or, more commonly, they 
are synthetic (e.g., polyethylene). There are three 
basic types of plastic. 


thermo-plastic — (Also thermoplastic or thermo- 
plastic resin) — A type of plastic that can be repeatedly 
softened and reshaped by heat and pressure. Thermo- 
plastics can be reshaped because their linear or 
branched polymers can slide past one another when 
sufficient heat and pressure are applied. The high- 
density polyethylene (HDPE) used to form firework 
mortars is an example of a thermo-plastic. 


thermosetting plastic — A type of plastic that cannot 
be re-softened by being subjected to heat and pressure 
because of the cross-linking of its constituent poly- 
mers in response to an initial heating. Bakelite is an 
example of a thermosetting plastic. 


chemical-setting plastic — A type of plastic that 
cannot be re-softened by being subjected to heat and 
pressure because of the cross-linking of its constituent 
polymers during chemical-induced curing. Epoxy and 
polyurethane resins are examples of chemical-setting 
plastics. 


PLASTIC AERIAL SHELL CASING — See shell casing, 
aerial. 


PLASTIC-BONDED EXPLOSIVE and PLASTIC EX- 
PLOSIVE — See explosive, plastic. 


PLASTIC BULLET — See baton round. 
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PLASTIC FLOW — The somewhat fluid-like flow that 


occurs in a material, but only after a stress in excess 
of the yield strength of the material is applied to it. 
The rate of flow is dependent (sometimes highly de- 
pendent) on the degree to which the stress exceeds 
the yield strength of the material. 


Plastic-flow binding of pyrotechnic compositions is a 
response to high loading pressure and is a widely- 
used technique. The plastic flow of one or more 
components of a mixture, in response to high loading 
pressure and sufficient dwell time, can be an im- 
portant factor in determining the degree of compac- 
tion of the mixture. Plastic flow can also promote the 
intimate mixing of the ingredients when a mixture is 
milled under high pressure. For example, the plastic 
flow of sulfur under high pressure is important in the 
traditional manufacture of Black Powder. 


PLASTIC-FLOW PRIME BINDING — See prime- 


application technique. 


PLASTIC IGNITER CORD — See igniter cord (Mantitor 


cord). 


PLASTICITY — The property of a material that allows it 


to undergo a permanent change in shape (i.e., defor- 
mation) as the result of an applied force without 
breaking (i.e., fracturing). The degree of a material’s 
plasticity is a function of its temperature. 


For some purposes, the nature of a material’s plasticity 
can be more specifically characterized by the nature 
of the applied force doing the deforming. If the force 
is primarily one of tension, plasticity may be de- 
scribed as ductility; if the force is primarily one of 
compression, plasticity may be described as mallea- 
bility. 


PLASTICIZER — A substance added to a solid mixture 


or material to decrease its brittleness or to enhance its 
mold-ability or cast-ability. For example, a plasticizer 
added to a double-base propellant assists in the gelat- 
inization of its nitrocellulose content and reduces the 
brittleness of the propellant. This decreases the like- 
lihood of grain fragmentation because of thermal 
stresses when burning under extreme pressures. (See 
plastisol.) 


PLASTICIZING (propellants) — See colloiding. 


PLASTIC MODEL CONVERSION — (Abbreviated PMC) 


— A plastic, static model of some type (typically air- 
craft, rocket or spaceship) that has been converted to 
fly as a model or high-power rocket. PMC is also 
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used as an abbreviation for a National Association of 
Rocketry-sanctioned competition that uses converted 
models. 


PLASTISOL — A finely powdered resin dispersed in a 
plasticizer. One example is polyvinyl chloride resin in 
dioctyl adipate. When the resin goes into solution with 
the plasticizer, it forms a solid gel. This process is 
accelerated at elevated temperatures. If the resin and 
plasticizer are mixed with an oxidizer before heating, 
a solid rocket propellant and other solid pyrotechnic 
materials can be made. Typical gel temperatures for 
pyrotechnic plastisols range from 130 to 175 °C. 


PLATEAU BURNING (propellant) — See propellant 
burning, catalyzed. 


PLATE DENT TEST — Sce explosive output test (pene- 
tration test). 


PLATONIZED PROPELLANT — A propellant that exhib- 
its plateau burning, see propellant burning, catalyzed. 


PLOSOPHORIC MATERIALS — Two or more prepack- 
aged, unmixed ingredients, including oxidizers and 
fuels, that are not individually classified as explo- 
sives, but when they are mixed, they become a blasting 
explosive (i.e., a high explosive). 

PLUG (explosives) — See cartridge. 

PLUG (fireworks) — See mortar plug or end plug. 

PLUGGED MOTOR — A rocket motor with a solid 
bulkhead at its forward end. It may have a delay 
charge for tracking, but it does not have an ejection 
charge. It requires the use of some other means of firing 
its ejection charge or deploying its recovery device 
during the flight of the vehicle. 

PLUMBAGO - See graphite. 

PLUM BOMB - See cherry bomb. 

PLUMBOUS CHLORIDE — See /ead(II) chloride. 

PLUMBOUS OXIDE — See /ead(II) oxide. 


PLUMBUM — The Latin word for /ead and the basis for 
its chemical symbol Pb. 


PLUME - See flame (flame envelope). 
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PLUME, ROCKET EXHAUST — See exhaust plume, 
rocket. 


PM-2.5 and PM-10 — See particulate matter, air- 
borne. 


PMC — Abbreviation for plastic model conversion. 


p-MNT — Abbreviation for the para isomer of mono- 
nitro-toluene. 


PNEUMATIC CAPSULE LAUNCHER — See capsule gun 
and Sweeny gun. 


PNEUMATIC PRESS - See press. 


P-NITROANILINE RED — See _ nitrophenyl-azo- 
naphthol. 


POISON — A substance producing a seriously deleterious 
effect. 


In_ common _usage: A substance with potential to 
cause injury, illness or death, by one or more routes 
of entry into the body (i.e., ingestion, inhalation, skin 
absorption or injection) typically by chemical means. 


Well-known poisons are arsenic compounds, potassi- 
um cyanide and a great array of organic compounds 
capable of causing death if ingested. Poisons also in- 
clude numerous inhalable gases including carbon 
monoxide, arsine and hydrogen cyanide. Chemicals 
that can poison by skin contact include several pesti- 
cides, some natural chemicals such as nicotine and 
the nitro-aromatics. Poisons commonly used in pyro- 
technic compositions include sodium oxalate and 
soluble barium compounds (e.g., barium nitrate and 
barium carbonate). 


In chemistry and physics: A poison may describe a 
substance that has a deleterious effect on a process or 


reaction. For example, concentrated hydrogen perox- 
ide is used as a monopropellant in rocketry. It under- 
goes exothermic decomposition to produce high tem- 
perature steam and oxygen in the presence of a suita- 
ble catalyst (e.g., Ir/y-AlsO3). In this case, tin is capa- 
ble of deactivating (i.e., poisoning) this catalyst. 


POISSON’S RATIO — The ratio of the transverse con- 
traction (per unit dimension) of a bar of uniform 
cross section to its elongation (per unit dimension) 
when the bar is subjected to tensile stress. It is named 
for French mathematician and physicist Siméon Den- 
is Poisson (1781-1840). Some typical values for 
Poisson’s ratio are presented below. 
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POKAMONO SHELL and POKA SHELL -— A type of 
weak-breaking, spherical, Japanese-style aerial shell. 
The common examples include parachute shells and 
willow shells (both disburse their contents weakly). 
These shells are made with considerably less (or less 
effective) break charge and are less strongly pasted 
with paper than harder-breaking warimono shells or 
kowarimono shells. 


The word pokamono does not translate directly; poka 
likely describes the sound of the shell weakly breaking 
in half and mono implies things or items. 


POLAR EXPLOSIVE — See low-freezing explosive. 


POLICING — Searching and cleaning an area. 


In fireworks: The search for and removal of dud shells 
and dud components after a display is sometimes de- 
scribed as policing an area. On occasion, policing al- 
so includes cleaning up larger debris from a firework 
show site, even if the debris does not consist of dud 
shells and components (e.g., it might consist of shell 
casing debris). 


POLVERONE — (Also pulverone, six-one-one, hand- 
made meal powder) — A mixture of potassium nitrate, 
sulfur and charcoal, in roughly the same proportions 
as used in commercial Black Powder, manufactured 
by firework-makers for use in their products. The 
word is Italian and is literally translated as ‘cloud of 
dust’. It is plausible that the term originated as a hu- 
morous variation of ‘polverino’, which refers to pul- 
verised commercial Black Powder (di Maio, 1916). 
When firework-makers manufactured ‘polverino’, the 
associated (and unwelcome) clouds of dust may well 
have suggested the name ‘polverone’ for the product. 


Two common formulations for polverone are pre- 
sented below. The second formulation accounts for 
the name ‘six-one-one’ that is sometimes applied to 
this material. 
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POLYALPHA-METHYLSTYRENE — 


Formulation —| Parts by Weight 
Ingredient | (2) 


The inclusion of a few percent of dextrin is optional 
but advantageous. Mixtures with added dextrin be- 
come quite hard when moistened with water and then 
allowed to dry. Polverone is commonly formed into 
granules by passing the moistened mixture through a 
coarse screen (see granulate). The resulting granules 
are much more resistant to crushing and crumbling 
when dextrin is included in the mixture. Granulated 
polverone is commonly used as a break charge in 
Italian-style (i.e., cylindrical) aerial shells. 


Polverone, made into a paste with water, may be used 
as a prime for stars. Dry polverone is a component of 
other priming mixtures and may also be used as the 
basis for gerb compositions in which iron, steel, flake 
aluminum or titanium is used for spark production. It 
can also be used in wheel drivers and in small fire- 
work rockets. 


Polverone is significantly less expensive than com- 
mercially-made Black Powder and performs well in 
many applications, especially where commercial meal 
Black Powder may burn too quickly. 


[(CoHio)n or 
(—CH2C(CH3)(C6Hs)-)n] — {CAS 25014317} — (Ab- 
breviated PAM) — (Also (1-methylethenyl)-benzene 
homopolymer) 


A thermoplastic resin (1.e., breakaway resin) used to 
make items that appear to be made of glass (e.g., 
windowpanes and bottles) for use in stage and motion 
picture special effects. Such items can be easily bro- 
ken without most of the dangers associated with 
breaking real glass. 


Characteristic 


a) Code for reference source, see preface. 
Health information: TLV: none established. 


UN hazard classification: not regulated. 
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POLYATOMIC — A substance having molecules com- 
posed of two or more atoms. For example, carbon di- 
oxide [CO] and water vapor [H2O,g)] are polyatomic 
gases. 


The term triatomic is sometimes used for polyatomic 
molecules composed of only three atoms. Molecules 
containing only two atoms are usually described as 
being diatomic rather than as polyatomic molecules. 


POLYATOMIC ION — See ion (molecular ion). 


POLYBUTADIENE 
breviated PB) 


[(-CH»-CH=CH-CH>-)n] — (Ab- 


A synthetic elastomer used as a fuel or matrix in some 
rubbery composite rocket propellants. (See carboxy- 
terminated polybutadiene and hydroxyl-terminated 
polybutadiene.) 


POLYBUTADIENE ACRYLONITRILE — (Abbreviated 
PBAN) — A copolymer of polybutadiene, acrylic acid 
and acrylonitrile. It is used as a combination fuel and 
binder in some rubbery composite rocket propellants, 
such as in the US Space Shuttle solid rocket boosters. 
PBAN is cured with an epoxy-curing agent over sev- 
eral days at a temperature of about 40 °C. It has the 
advantages of being relatively inexpensive and hav- 
ing low toxicity. 


POLYCELL™ — See sodium carboxymethyl-cellulose. 
POLYCHLORO-ISOPRENE — See chlorinated rubber. 


POLYCHLORO-TRIFLUORO-ETHYLENE — See KEL- 
P™ 


POLYESTER RESIN — (Also fiberglass resin or unsatu- 
rated polyester resin) — Mixtures of polyethylene ma- 
leate (an ester) and styrene monomer (a cross-linking 
agent) in various ratios to obtain a range of physical 
properties of the cured resins. In some cases, methyl- 
methacrylate or diallyl-phthalate may be used in 
place of styrene monomer. 


When the proper catalyst is used (typically less than 
1% of the weight of polyester), the cross-linking re- 
action is initiated and accelerated by a temperature 
rise from the heat produced by the reaction. Either 
benzoyl peroxide or more commonly methylethyl- 
ketone peroxide is used as the catalyst. 


Cured polyesters are hard and brittle, and they have 
densities that range from 1.2 to 1.4 g/cm’. 


In pyrotechnics: Polyester resin is used as a binder as 
well as a fuel. For example, a flare composition that 
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does not contain magnesium metal may contain ap- 
proximately 20% polyester resin by weight, and an il- 
luminant flare composition (with magnesium metal) 
may contain approximately 2 to 10% polyester resin 
by weight. These compositions can be cast or pressed 
into casings, depending on the amount of polyester 
resin used, but the composition will shrink slightly 
upon curing. If the casing has a large diameter and 
the composition contains a large amount of polyester 
resin, this shrinkage upon curing can result in a gap 
(i.e., fire path) developing between the composition 
and the casing. This can result in greatly accelerated 
burning and potentially an unintended explosion. 


Polyester resin is not commonly used as a binder for 
firework stars, primarily because stars made with 
polyester resin tend to be difficult to ignite and burn 
slowly. Also the cleaning of equipment and work sur- 
faces is difficult. 


POLYETHYLENE — [(—C2H4—)n] — {CAS 9002-88-4} — 


(Abbreviated PE) — (Also ethene homopolymer or 
polythene) 


Polymerized ethylene is a thermoplastic that is chem- 
ically resistant, has high-impact strength and high 
tensile strength, and does not crack under stress. De- 
pending on the number (n) of ethylene units in the 
chain, it may be described as high-density polyeth- 
ylene (HDPE, such as used to make firework mor- 
tars) for large values of n or low-density polyethylene 
(LDPE) for smaller values of n. 


As a powder, it has potential as a pyrotechnic fuel. 
Polyethylene is a translucent, colorless solid and 
white as a powder; molded products are commonly 
colored by the addition of pigments. 


Structural formula: 


a) Code for reference source, see preface. 


Health information: TLV: none established; IARC-3: 
unclassifiable as to carcinogenicity. 


UN hazard classification: not regulated. 
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POLYMER -— A long-chain molecule composed of re- 
peating small (1.e., monomer) units, for example poly- 
ethylene [(C2H4),], which is made by linking (i.e., 
polymerizing) very many ethylene units [—C2H4—] in- 
to a long chain. 


POLYMERIZE— A chemical reaction in which monomer 
molecules react with each other to form chain mole- 
cules (i.e., a polymer). 


POLYMORPHISM -— The property exhibited by certain 
solid compounds in which two or more substances 
have the same atomic constituents but differ in crystal 
structure. For example, calcium carbonate occurs in 
the polymorphs of calcite and aragonite. A related 
term, allotropism, applies to an element that exhibits 
different structures (see allotrope). 


POLYNINOL — See polyvinyl alcohol. 
POLYTEF — See polytetra-fluoroethylene. 


POLYTETRA-FLUOROETHYLENE — [(C2F4)n] — {CAS 
9002-84-0} — (Abbreviated PTFE or polytef) — (Also 
Teflon™, Fluon™, tetrafluoro-ethene homopolymer, 
tetrafluoro-ethylene polymer, polytetrafluoro- 
ethylene resin or fluoroflex) 


Polymerized tetrafluoroethylene is used as the oxi- 
dizer in infrared decoy flares (see flare, military). It is 
also used in ablative materials for rockets and space 
vehicles. Polytetrafluoroethylene is soft and waxy 
with a milk-white color. 


Structural formula: 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV: none established; IARC-3: 
unclassifiable as to carcinogenicity. Evolves toxic 
fumes on heating including fluorinated hydrocarbons, 
carbonyl] fluoride and other toxic chemicals. 


UN hazard classification: not regulated. 
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POLYTHENE — See polyethylene. 


POLYURETHANE — [variable composition] — {CAS 
9009-54-5} — (Abbreviated PU) 


A generic term for a range of thermoplastic polymers 
consisting of chains of organic units joined by ure- 
thane (i.e., carbamate) links. Some polyurethanes are 
used in composite rocket propellants as binders and 
fuels (see hydroxyl-terminated polybutadiene and 
carboxy-terminated polybutadiene. 


Health information: TLV: none established; IARC-3: 
unclassifiable as to carcinogenicity. Evolves toxic 
fumes on heating including isocyanates, hydrogen 
cyanide and other chemicals, some of which have 
TLVs. 


UN hazard classification: not regulated. 
POLYVINYL ALCOHOL — [—(C2H40),-] — {CAS 9002- 


89-5} — (Abbreviated PVA or PVOH) — (Also pol- 
yninol or ethanol homopolymer) 


A water-soluble thermoplastic polymer made by hy- 
drolysis of polyvinyl acetate, occasionally used as a 
binder in pyrotechnic compositions. It is a white to 
cream-colored powder. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV: none established; [ARC-3: 
unclassifiable as to carcinogenicity. 


UN hazard classification: not regulated. 


POLYVINYL-ALCOHOL-ACETATE RESIN — See vinyl- 
acetate-alcohol resin. 


POLYVINYL BUTYRAL — {CAS 63148-65-2! (Also 
Butvar®, Mowital®, Pioloform®) 


A synthetic thermoplastic resin that shows promise as 
a pyrotechnic fuel and binder. It is supplied as a 
white, free-flowing powder, manufactured for use 
primarily in making laminated glass. The commercial 
product always contains residual hydroxyl [—OH] 
and acetate [—O2C-CH3] groups on the polymer 
chain; the percentages of these are specified for each 
particular grade. The acetate (as polyvinyl acetate) 
typically ranges from 0 to 2.5%, while the hydroxyl 
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(as polyvinyl alcohol) typically ranges from 11 to 
20%. Typical polyvinyl butyral content ranges from 
80 to 88%. Because of this, it is not possible to give a 
formula weight or an enthalpy of formation that 
would apply to all grades. The structures of the three 
groups present in commercial polyvinyl butyral are 
presented below (Eastman, 2013). 


a) Eastman, 2013. 
b) Polyvinyl-butyral is extremely soluble in ethanol. 


Health information: Causes skin irritation. Causes se- 
rious eye irritation. May cause respiratory irritation. 
Harmful if swallowed or inhaled. 


UN hazard classification: Not dangerous goods. 


Pyrotechnic Uses: In 2015 British pyrotechnists Ken 
Gannay and Richard Harrison presented formulations 
for crackling microstars that depended on the use of 
polyvinyl butyral. Their formulations for crackling 
microstars are presented below. 


Mowital® B60H contains 18-21% polyvinyl alcohol, 
1-4% polyvinyl acetate, with the balance being polyvi- 
nyl butyral. 


POLYVINYL CHLORIDE — [(C2H3Cl)n] — {CAS 9002- 
86-2} — (Abbreviated PVC) 


A thermoplastic polymer frequently used as a chlo- 
rine donor (57% chlorine) in colored-flame composi- 
tions. It is also used as a fuel and binder in plastisol 
rocket propellants. Polyvinyl chloride is colorless as 
granules and white as powder. 
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Structural formula: 


Characteristic 


a) Code for reference source, see preface. 


Health information: TLV: 1.0 mg/m? for respirable 
dust; IARC-3: unclassifiable as to carcinogenicity. 
Evolves toxic fumes on heating in air, including hy- 
drogen chloride, carbon monoxide, benzene and other 
compounds, some of which have TLVs. 


UN hazard classification: not regulated. 


POLYVINYLIDENE CHLORIDE — [(C2H2Cl2)n] — {CAS 


25038-72-6, 9011-06-7} — (Also Saran™ resin) 


Polyvinylidine chloride is a thermoplastic polymer 
used as a chlorine donor (73% chlorine) in colored- 
flame compositions. As the original Saran Wrap™, it 
is also used in the assembly of proximate audience 
airbursts. Polyvinyl chloride is a polymer that is color- 
less as granules and white as a powder. 


Structural formula: 


a) Values based on the empirical formula C10Cl4H13.9N1.5. 
b) Code for reference source, see preface. 


Health information: TLV: none established but note 
TLV 1.0 mg/m? for respirable dust. Evolves toxic 
fumes on heating in air, including hydrogen chloride, 
carbon monoxide and other compounds, some of 
which have TLVs. 


UN hazard classification: not regulated. 


POOB-A-DELL — See pupadella. 
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POP-BOTTLE ROCKET — See firework rocket type, 
basic (bottle rocket). 


PORCELAIN — A generic term for a range of hard ce- 
ramics dating to ancient times in China. The ceramic 
primarily consists of needle-like crystals of mullite 
[3Al203:2SiO2 or 2Al20-3S102] in a glassy matrix. 
Porcelain was formerly used in some fireworks to 
produce sparks. 


Historical: Powdered porcelain was occasionally used 
in 19" and early-20"-century fireworks as a spark- 
producing agent. Its preparation is described 
(Websky, 1878) as: shards of broken vessels of fine 
porcelain are pounded in a mortar (as in ‘mortar and 
pestle’). The crushed porcelain is sifted through a fi- 
ne sieve, the coarse powder is discarded and only the 
fine powder is used. An example of Websky’s use of 
porcelain in a spark-producing composition is pre- 
sented below (1). 


Formulation —| Parts by Weight 
Ingredient | (2) 


Black Powder (meal) 


Porcelain (grains) 


Reportedly, this composition produces a beautiful, 
long-radiating fire, with sparks that appear to be the 
size of large grains of wheat and that remain glowing 
for a long time. This method of spark-production ap- 
pears to depend on the formation of globules of glow- 
ing dross from the porcelain and the Black Powder 
combustion products. The composition is very slow 
burning and is therefore suitable only for fixed foun- 
tains, not for those intended to have a propellant ef- 
fect. The speed of the composition cannot be in- 
creased by increasing the proportion of meal powder, 
without destroying its very good spark effect. 


An alternative (and very different) method of using 
porcelain for spark production is to use granular 
crushed porcelain, with the fine dust sifted out and 
discarded, leaving the grains (apparently mostly 10 to 
40 mesh) for use. The intense heat of a choked foun- 
tain was thought to render the grains incandescent 
and, because of their weight, they were projected to a 
considerable distance. An example of this type of 
porcelain spark-producing composition (Kentish, 
1905) is presented above (2). Kentish considered 
porcelain grains inferior to coke grains as a spark- 
producing agent and greatly inferior to steel filings. 
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POROSITY — The ratio of the volume occupied by void 
spaces to the total volume of a material, often given 
as a percentage. 


In explosives: Varying the porosity of a high explo- 
sive has two substantially different effects. First, var- 
ying the porosity alters the density of the explosive, 
which has the effect of varying the velocity of deto- 
nation (VOD), with higher densities corresponding to 
greater VODs. Second, varying the porosity alters the 
sensitiveness of the explosive to detonation. This is 
because, with the passage of the detonation wave, the 
collapsing void spaces form hot spots that initiate the 
reaction of the surrounding explosive. This effect 
gives rise to the term dead pressed. When some ex- 
plosive materials are compacted to the point of se- 
verely limiting the number and size of voids they 
contain, the explosive may no longer support a transi- 
tion from deflagration to detonation. This was a prob- 
lem with the primary explosive mercury(I) fulmi- 
nate, formerly used in detonators. 


In pyrotechnics: Varying the porosity of pyrotechnic 
material will affect the extent that thermal energy is 
fed back from reacting material to the adjacent pre- 
reacting composition. That has the effect of varying 
the velocity of propagation (VOP). If the primary 
feedback mechanism is conduction, then greater po- 
rosity corresponds to lower VOPs. If the primary 
feedback mechanism is convection, then greater po- 
rosity corresponds to greater VOPs. Permeability has 
a much greater effect on VOP than porosity. 


POROUS — A material with significant porosity. 


PORTABLE FLAME EFFECT -— See flame effect mode 
of operation. 


PORTFIRE -— Today, typically a relatively small- 
diameter paper tube charged with a rather slow- 
burning composition and used for manually igniting 
fireworks. The term is derived from the French ‘porte 
feu’, meaning ‘carry fire’. Originally, portfires were 
used to fire cannons. The flame of a portfire was ap- 
plied to a short piece of black match or loose powder 
in the touchhole (1.e., ignition hole) of the cannon. 


In the United States, it is common to use inexpensive, 
long-burning red safety flares known as fusees for the 
manual igniting of display fireworks. Fusees have the 
advantage of a longer burning time than a traditional 
portfire, which usually burns for less than five 
minutes. The flame of a fusee is much larger and 
much brighter than that of a portfire. Thus, a fusee 
provides better overall illumination for the operator, 
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but it also makes it more difficult to see the weak 
light of the burning delay element of a shell leader 
fuse. It is also more intrusive and distracting from the 
point of view of the spectators. A collection of port- 
fires is shown below. 


res 


A portfire is safer to use when provided with a built- 
in handle extension or when securely fastened to an 
extender, such as a length of wooden lath or dowel. A 
portfire with a built-in handle is shown below. Also 
shown is a wooden handle with a spring-closing 
clothespin, to be used with a portfire without a handle. 
The safety advantage with either method is that the 
user can then be positioned a little farther from the 
device being ignited. 


Some portfire compositions are presented below. 


Formulation — 
Ingredient | (4) | (2) | (3) | (5), 


1 and 2) Practicus, 1872. 3 to 5) Lancaster, 1998. 


Some portfires are charged with a small quantity of 
color composition that ignites when the main compo- 
sition burns out. In that way, the operator will know 
by the change in flame color that it is time to ignite a 
new portfire. 


It is said that a test for a good portfire is that it will 
continue to burn even after being dropped vertically 
at arm’s length onto its lit end. 


blue portfire or slow portfire — An early type of 
portfire, so-called because it was made from blue 
touch paper. This very slow-burning portfire was 
made by tightly dry-rolling sheets of touch paper into 
a solid cylinder approximately 16 inches (400 mm) 
long and 0.5 inch (13 mm) in diameter. Such a port- 
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fire was said to burn (i.e., smolder) for 2 to 3 hours, 
without producing flame or sparks. 


POSITION LOCATION — Several methods for determin- 


ing the location of an object in 2 or 3-dimensions can 
be accomplished based on measurements by two ob- 
servers located at the ends of a baseline of known 
length. These methods may be described as triangula- 
tion. Position location can be important in making 
measurements associated with freely flying items 
such as aerial shells and amateur rockets. 


Location in a plane: Establishing the location of a 
point on a 2-dimensional plane (e.g., on the ground) 
can be accomplished by measuring its angles of azi- 
muth (A: and Az) from the two ends of a baseline of 
known length (d). 


<— Object 


d=d, +d, 


The distance (d:) along the baseline from observer 1 
to the point of origin of the line perpendicular to the 
base line that passes through the object is: 


a 
1+ tan A, 
tan A, 


d,= 


Then the perpendicular distance from the baseline to 
the object is: 


d,=d,-tan A, 


Altitude determination: If the approximate distance 
from the observer to the vertical projection of the ob- 
ject (d) is known, it is relatively simple to calculate 
the approximate altitude of the object based on its 
angle of elevation (E). 


Object 


pecan Horizontal 


For objects launched approximately vertically, the dis- 
tance d is approximately that from the observer to the 
launch point of the object. Then the altitude of the 
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object (a) can simply be calculated from the relation- 
ship 


a=dtanE 


Location in 3-dimensions: Establishing the location of 


an object launched essentially vertically in 3- 
dimensions is illustrated below 


Tracked 


This may be accomplished by measuring one angle of 


elevation (E1); two angles of azimuth (A1 and Az), 
each from opposite ends of a baseline of known 
length (d) connecting the two observers; and the dis- 
tance from the point of launch to one of the observers 
(da). Typically, all measurements, except for the an- 
gle of elevation, will have been made prior to the 
time of launch. 


First, the location of the launch point is established 


(i.e., the distances d1 and ds3 are determined). Often 


this can be physically measured in advance; if not it 
can be accomplished using the formula presented 
above for establishing the location of an object in a 
plane. The altitude (a) of the object is established us- 
ing the formula presented above for altitude determi- 
nation. In this case, that is: 


a=d, tan E, 


Some simple, inexpensive inclinometers (made for 


determining the height of a model rocket) are based 


on this method. 


POSITIVE IMPULSE — See impulse (air-blast impulse). 


Encyclopedic Dictionary of Pyrotechnics 


POSITIVE PHASE — The initial rise in pressure of a 
blast wave. See blast wave, air for its general appear- 
ance. 


POSTCARD COLLECTABLES -— See collectables, post- 
card. 


POST-DETONATION TAGGANT -— See faggant (identi- 
fication taggant). 


POTASH -— A term having a range of usage referring to 
potassium compounds: 


e A historical term for potassium carbonate. 


e A historical term used in naming potassium salts, as 
in nitrate of potash (for potassium nitrate), chlorate 
of potash (for potassium chlorate), etc. 


eIn 19" and early 20" century firework factories, the 
term potash was often used to refer to potassium 
chlorate. 


Caustic potash was an informal name for potassium 


hydroxide. 


POTASSIUM ACID PHTHALATE — Sce potassium hy- 
drogen phthalate. 


POTASSIUM BENZOATE — [KC7H;0.] — {CAS 582- 
252% 


A fuel occasionally used in pyrotechnic whistle com- 
positions, useful as a direct replacement for whistle 
fuels that contain sodium (e.g., sodium benzoate and 
sodium salicylate) when the bright yellow flame pro- 
duced by those fuels would be detrimental to the in- 
tended effect. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV: none established; PEL- 
TWA: for nuisance dusts, 10 mg/m* (total dust) and 5 
mg/m: (respirable dust). Potassium benzoate is rela- 
tively non-hazardous in routine industrial situations. 
It is not expected to present significant health risks to 
the workers who use it. 


UN hazard classification: not regulated. 
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POTASSIUM BICHROMATE — See potassium dichro- 
mate. 


POTASSIUM BIPHTHALATE — See potassium hydrogen 
phthalate. 


POTASSIUM CARBONATE — [K»CO3]— {CAS 584-08-7} 
— (Also pearl ash or pearl potash, potash, dipotassium 
salt of carbonic acid or salt of tartar) 


A product of the combustion of carbonaceous fuels 
and potassium-containing oxidizers. Potassium car- 
bonate is the principal solid Black Powder combus- 
tion product, taking the form of white smoke. It also 
plays a role in the control of spark duration and is a 
component of yellow powder (see powder). It is col- 
orless as crystals and white as a powder and is deli- 
quescent. 


Characteristic (a) 


(est.) = estimated value. 
a) Code for reference source, see preface. 


Health information: TLV: none established. 


UN hazard classification: not regulated. 


POTASSIUM CHLORATE —[KC1O3]— {CAS 381 1-04-9} 


A common, pyrotechnic oxidizer produced industrially 
from sodium chlorate. The process begins with an 
aqueous solution of sodium chloride [NaCl] being 
electrolyzed under suitable conditions. The chlorine 
ions [CI] are oxidized at the anode, producing chlo- 
rate ions [ClO3 ]. Water is reduced at the cathode, 
giving the overall reaction: 


Cl (aq) + 3 H200) > ClOs3 (aq) + 3 Ha(g) 


Next, the addition of potassium chloride solution pre- 
cipitates solid potassium chlorate, which is purified 
by re-crystallization. Potassium chlorate is colorless 
as crystals and white as a powder. 
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Characteristic (a) 


(d) = decomposes generating oxygen [Og]. 
a) Code for reference source, see preface. 
b) Assumes: KCIO3 > KCI + 1.5 Oz. 


Health information: TLV: none established. 


UN hazard classification: PSN: potassium chlorate; 
HC: 5.1 — oxidizer (UN1485). 


Chemical properties: Potassium chlorate is an oxidizer 
and readily forms explosive mixtures with combus- 
tible materials such as sulfur, charcoal, sugar and 
metal powders. 


When melted in the absence of a catalyst, potassium 
chlorate first undergoes an exothermic disproportion- 
ation reaction, producing the more stable products 
potassium perchlorate [KC1O,], potassium chloride 
[KCl] and oxygen [O2]. This has been summarized as 


2KCIO3 > KCIO4g + KCl + Oz 
AH =— 74 kJ 


but the ratios of the products formed can vary, de- 
pending on, for example, the heating rate. This reac- 
tion takes place in two steps, as presented below. 
First, by the transfer of an oxygen atom from one 
chlorate ion to another, which forms a perchlorate ion 
[ClOg ] and a chlorite ion [C1Oz ]. 


2KCIOz; > KCIO4 + KCIO; 


The next step involves the decomposition of the po- 
tassium chlorite. According to Freeman and Rudloff 
(1969) the chlorite immediately decomposes to po- 
tassium chloride and oxygen: 


KCIO2 > KCl + O2 


This would account for the proportions of the prod- 
ucts indicated in the first equation. In 1974 F. Soly- 
mosi pointed out that pure potassium chlorite does 
not decompose in this way, but instead it dispropor- 
tionates into potassium chlorate and potassium chlo- 
ride by successive transfers of oxygen atoms: 


2 KCIOz2 > KCIO + KCIO3 
KCIO + KCIO: > KCI + KCIO3 
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In the presence of a large excess of potassium chlo- 
rate, as would be present during the decomposition of 
potassium chlorate, it is to be expected that similar 
oxygen atom transfers between potassium chlorite 
and potassium chlorate would lead to the formation 
of potassium perchlorate: 


KCIO, + KCIO; > KCIO + KCI1O, 
KCIO + KCIO; > KCI + KC1O, 


If all the potassium chlorite produced in the initial 
decomposition of potassium chlorate reacted in this 
way, there would be no release of oxygen and the 
first stage of the decomposition process could be 
summarized as: 


4KCIO; > KCl + 3 KCIOg 


In practice it seems that both pathways discussed 
above can be followed, which explains why the pro- 
portions of possible products formed in the first stage 
of the decomposition can vary somewhat under dif- 
ferent experimental conditions. 


At higher temperatures, any unreacted potassium 
chlorate and the potassium perchlorate produced by 
the above reactions decompose to potassium chloride 
and oxygen: 


KCIO; > KCl + 1.5 Oz 
KClOg > KCl +2 O2 


AH = -39 kJ 
AH =-4kJ 


In the presence of a suitable catalyst, such as manga- 
nese dioxide [MnOz], the direct decomposition of po- 
tassium chlorate to potassium chloride and oxygen 
predominates over the competing disproportionation 
reactions. The catalyst, rather than another chlorate 
ion, accepts an oxygen atom from the chlorate ion: 


KCIO3 + MnO. > KCIO2 + MnO; 


The intermediate MnO; then accepts an oxygen atom 
from another chlorate ion, releasing O 2 and re- 
generating MnO: 


KCIO3; + MnO3 > KCIO. + MnO.+ O2 


In both cases, the chlorite ions decompose to potassium 
chloride and oxygen: 


2 KCIO2 > 2 KCl + 20, 


This reaction would be catalyzed by MnO:, following 
the same mechanism outlined above for the catalyzed 
decomposition of chlorate. 


In a thermal analysis experiment, the effectiveness of 
the manganese dioxide catalyst is demonstrated by a 
lowering of the temperature at which 50% of a sam- 
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ple of potassium chlorate had decomposed. This tem- 
perature was reduced from approximately 610 to 340 
°C by the addition of 3% (by weight) of manganese 
dioxide. Similar processes can occur with oxides of 
other metals having multiple oxidation states. For ex- 
ample, cobalt(III) oxide [Co304] is even more ef- 
fective than manganese dioxide. 


The decomposition of potassium chlorate is also pro- 
moted by the presence of various impurities in the 
crystal lattice. For example, when other metal ions 
can accept electrons from the oxygen atoms of the 
chlorate ion, this weakens the chlorine-oxygen bond, 
facilitating its decomposition. It is possible that such 
destabilization of potassium chlorate can occur when 
soluble metal salts are used with potassium chlorate 
in pyrotechnic compositions that are subsequently 
dampened with water for processing. This is a possi- 
ble explanation for some accidental ignitions of po- 
tassium chlorate compositions. 


The decomposition of potassium chlorate is suffi- 
ciently exothermic to cause it to explode as the result 
of a powerful impact, such as from a hammer on an 
anvil. Potassium chlorate does not explode when an 
attempt is made to initiate its decomposition with a 
standard detonator. 


Chemical_incompatibilities: These incompatibilities 
present other possible explanations for some acci- 
dental ignitions of potassium chlorate compositions. 


The combination of potassium chlorate and ammoni- 
um salts (such as ammonium perchlorate [NH4ClO,]) 
in the presence of moisture can produce ammonium 
chlorate [NH4ClO3] by a double-decomposition reac- 
tion: 


KCIO3 + NHsClO4 > KCIOas) + NH4ClO3 


In the case of ammonium perchlorate, this reaction is 
driven toward completion by potassium perchlorate 
being the least soluble of the substances involved. 
The production of ammonium chlorate is a problem 
because it is spontaneously explosive and even in 
small quantities can induce the spontaneous ignition 
of pyrotechnic compositions. 


Potassium chlorate is unstable in the presence of acid, 
which produces chloric acid [HCIO3]: 


KCIO; + H* > HCIO; + K* 


The decomposition of chloric acid then produces 
highly reactive chlorine dioxide [C102]: 


3 HClO; > HClO4 + H20 + 2 ClO 
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In the presence of chloride ions (either as an impurity 
in potassium chlorate or from another source), the acid- 
induced reaction to produce chlorine dioxide can pro- 
ceed more directly: 


KCIO3 + H* > HCIO3 + K* 
HClO; +H* + Cl > 0.5Ch + HO + ClO 


Chlorine dioxide is explosively unstable in high con- 
centrations, especially when exposed to sunlight, 
where it decomposes into chlorine and oxygen. In 
lower concentrations, chlorine dioxide spontaneously 
reacts exothermically with fuels, with the potential to 
cause the spontaneous ignition of pyrotechnic com- 
positions. Acid-induced spontaneous ignitions can 
potentially arise from the acids that can form on the 
surface of sulfur and/or phosphorus particles in the 
presence of air and moisture. For example, moist sul- 
fur [S] slowly oxidizes on exposure to air to form a 
mixture of polythionic acids [H2S,O6]: 


nS + 2HO + 5QO2 > 2 HoSi06 
(where n=3, 4 or 5) 


As the concentration of polythionic acids increases, 
decomposition occurs releasing sulfur dioxide [SOz]: 


H2S,06 > H2SO4 + SOz + (n—2) S 


The sulfuric acid reacts with potassium chlorate to 
produce chloric acid, as described above; the sulfur 
dioxide reacts with moist potassium chlorate to form 
chlorine dioxide: 


SO, + 2 KCIO3; > 2 ClO. + K2SO4 


The chlorine dioxide then reacts with sulfur to pro- 
duce even more sulfur dioxide: 


2ClO. + 4S > 2SO2. + SCh 


This exothermic chain reaction accelerates until the 
mixture ignites. The American chemist Herbert G. 
Tanner, who set out these reactions in 1959, demon- 
strated that a jet of sulfur dioxide gas could ignite a 
mixture of potassium chlorate and sulfur almost as 
quickly as the flame of a match. 


The combination of potassium chlorate and sulfides, 
such as antimony(IIJ) sulfide and especially with ar- 
senic(II) sulfide (see red explosive), forms composi- 
tions that are highly sensitive to accidental ignition 
from friction and impact. Recognition of the hazards 
of mixing chlorates with sulfur and sulfides has led 
some authorities to state that mixtures of chlorates 
and sulfates are also hazardous. This is certainly true 
of some sulfates, notably copper(I]) sulfate pentahy- 
drate [CuSO4°5H2O], but the hazard arises from the 
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acid reaction of the copper metal ion (cation) with 
water, not from the sulfate ion. For example, cop- 
per(II) sulfate is acidic (producing hydronium ions 
[H3O ‘(aq)]) because of the reactions: 


CuSO.4°5H2O(s) + H20qa) <> 
Cu(H20)«"*(aq) + SOu* aq) 


Cu(H20)¢*(aq) + HOw <> 
Cu(H20)sOH ‘(aq) + H30"(aq) 


Accordingly, any soluble salt of copper, not just the 
sulfate, would be hazardous when added to a compo- 
sition containing chlorate. Conversely, sulfates of 
cations that do not have an acidic reaction (such as 
those of potassium, calcium, strontium and barium) 
do not present a hazard when mixed with chlorates. 


Pyrotechnic uses: Potassium chlorate is used in 
match compositions, in both strike-anywhere matches 
and safety matches. Potassium chlorate is also used in 
Armstrong’s mixture and in red explosive. 


Potassium chlorate is commonly used as the oxidizer 
in pyrotechnic smoke generator compositions. The 
ignition and reaction temperatures of smoke compo- 
sitions, based on potassium chlorate and a suitable 
fuel, are sufficiently low to avoid extensive decom- 
position of common organic smoke dyes. 


In fireworks: Potassium chlorate was once the most 
common oxidizer in colored-flame compositions and 
flash powders (see flash-powder type). At present, for 
safety reasons, potassium chlorate is rarely used in 
these applications. Its common use for producing 
colored flame continued until about 1975, when po- 
tassium perchlorate became increasingly favored as a 
safer replacement. The set of formulations for star 
compositions presented below are typical of those 
still being used at that time (Degn, 1970), where for- 
mulations 1 to 5 are for red, yellow, green, blue and 
purple colored flames, respectively. 
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Formulation > Parts by Weight 
Inarectent | 
c LI el; = { [ 


a) Assumed to also be 1-part dextrin. 


The danger of using potassium chlorate arises from 
its tendency to form compositions that are especially 
sensitive to accidental ignition from mechanical ac- 
tion (e.g., impact and friction). In addition, as ex- 
plained above, potassium chlorate is unstable in the 
presence of acids, such as those that may be produced 
by sulfur in the presence of atmospheric oxygen and 
moisture. These hazards can be managed by the care- 
ful choice of the fuels and flame color-agents, but de- 
spite this, modern practice is to avoid potassium chlo- 
rate wherever possible. 


Historical source: Potassium chlorate, being sparingly 
soluble in water, readily precipitates from solutions 
containing potassium ions [K*] and chlorate ions 
[C1O3 ]. A solution containing chlorate ions can be 
made in various ways. Historically, chlorine gas was 
passed into a hot, aqueous solution of potassium hy- 
droxide or potassium carbonate: 


3 Clag) + 60H > CIO; + 5Cl + 3H20 
or 


3 Clyg) + 3 CO; > clo; + 5CIl + 3COr(2) 
then 
Kt + ClO;, > KC1O xs) 


This was wasteful, as most of the potassium and 
chlorine was converted to potassium chloride. Later 
developments reduced the waste of potassium by using 
other alkalis, but the loss of chlorine as chloride ions 
could not be avoided. Such methods have long been 
replaced by the more efficient electrolytic process. 


Historical: Potassium chlorate was discovered acci- 
dentally by the French chemist Claude Berthollet 
(1748-1822) in the course of his research into the use 
of chlorine to bleach cloth. He published his results 
in 1787 and proposed that the new salt could be used 
to make a more powerful form of Black Powder (the 
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gunpowder of the time). French government officials 
took up the suggestion. The next year, Berthollet wit- 
nessed the deaths of two people in an explosion at a 
gunpowder mill during an attempt to make an exper- 
imental batch of this new powder (formulation pre- 
sented below, Davis, 1943). The original French pro- 
ject was abandoned in 1794, but there are hints that 
the new powder continued to be used for some time 
in specialized military applications, but not in firearms. 


Formulation > 
Ingredient | Parts by Weight 


Attempts to use potassium chlorate in propellant 
powders for firearms were made from time to time 
during the 19" century. An example was the so-called 
white powder (see powder type). 


After the French attempts to make gunpowder with 
potassium chlorate, warnings of the dangers of mix- 
ing potassium chlorate with combustibles appeared in 
many chemistry textbooks. Nonetheless, in 1805, 
French chemist Jean-Louis Chancel (1779-1837) 
used it in the first practical pyrotechnic fire-starting 
device (see match, historical (Chancel match)). 


The sensitiveness of mixtures of potassium chlorate 
and combustibles to impact and friction was exploited 
by Scottish clergyman Alexander John Forsyth (1768— 
1843), who, in 1807, patented the use of mixtures 
containing potassium chlorate to discharge firearms 
by percussion (see primers, small arms). 


Use of potassium chlorate in colored-flame composi- 
tions began in 1810 when English medical student 
John Forster (1793-1873) used it in a new red fire, 
based on strontium nitrate, for a theatrical perfor- 
mance in Lambeth, England. The formulation for this 
red fire was not published until 1820, when English 
natural philosopher Michael Faraday (1791-1867) 
wrote a brief note on it for the Royal Institution. A 
recipe for a similar green fire, based on barium ni- 
trate and including potassium chlorate, was published 
in 1822. In 1831 the German businessman and ama- 
teur pyrotechnist Johann Martin Websky (1799- 
1867) published a range of formulations based on po- 
tasstum chlorate for colored fireworks. Two years 
later Prussian military chemist Franz Eduard Moritz 
Meyer (1798-1838) published a discussion of the use 
of potassium chlorate in colored fires, then, in 1836, 
retired French artillery officer Frangois-Marie 
Chertier (17??-1855) published a wide range of color 
compositions based on potassium chlorate. From the 
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mid-1830s, potassium chlorate became an essential 
ingredient in colored-flame compositions. 


POTASSIUM CHLORIDE — [KCl] — {CAS 7447-40-73 
— (Also the mineral sylvite) 


Potassium chloride is a product of the decomposition 
of potassium chlorate and potassium perchlorate. It is 
also produced by the burning of pyrotechnic compo- 
sitions made with these oxidizers, where it is typical- 
ly a major component of the smoke produced as the 
composition burns. Potassium chloride is an im- 
portant raw material in the manufacture of potassium 
chlorate, potassium nitrate and potassium perchlorate. 
It is colorless as crystals and white as a powder. 


a) Code for reference source, see preface. 


Health information: TLV: none established; PEL- 
TWA for nuisance dusts, 10 mg/m? (total dust) and 5 
mg/m? (respirable dust). Potassium chloride is rela- 
tively non-hazardous in routine industrial situations. 
It is not expected to present significant health risks to 
the workers who use it. 


UN hazard classification: not regulated. 


POTASSIUM DICHROMATE — [K2Cr2O7] — {CAS 
7778-50-9} — (Also dichromic acid dipotassium salt, 
potassium bichromate or red potassium chromate) 


Potassium dichromate is an oxidizer used in some 
strobe compositions and in some classic zinc spreader 
star compositions. It is also a catalyst for the decom- 
position of potassium perchlorate. Potassium dichro- 
mate is useful for treating magnesium to produce a 
conversion coating to suppress its corrosion. It is 
bright orange red as crystals and orange as a powder. 


Characteristic | Value [ay 


(d) = decomposes. 
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a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.05 mg/m? (as Cr); 
toxic by ingestion and inhalation; IARC-1: carcino- 
gen. It is also corrosive to the skin and mucous mem- 
branes. 


UN hazard classification: PSN: toxic solid, oxidizing, 
n.o.s. (potassium dichromate); HC: 6.1 (UN3086). 


POTASSIUM DISULFIDE — [K2S2] — {CAS 1336-23-8} 


Potassium disulfide is a reaction product of the burn- 
ing of under-oxidized Black Powder or the burning of 
Black Powder-type compositions that contain an ex- 
cess of sulfur. It can play an important role in the 
control of spark duration. Potassium disulfide is a 
precursor to potassium sulfate, a high temperature 
oxidizer for the flash reaction of glitter effects (see 
glitter chemistry). 


a) Code for reference source, see preface. 


Health information: TLV: none established, but it 
readily evolves hydrogen sulfide [H2S] on contact 
with water. The TLV for H2S is 1 part per million. 


POTASSIUM HYDROGEN PHTHALATE — [CsH;sKOa] — 


{CAS 877-24-7} — (Also potassium acid phthalate, 
potassium biphthalate, phthalic acid potassium acid 
salt or acid potassium phthalate) 


Potassium hydrogen phthalate has been used in pyro- 
technic whistle compositions. It is colorless as crys- 
tals and white as a powder. 


(a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV: none established. 


UN hazard classification: not regulated. 


POTASSIUM ION, SPOT TEST FOR - See spot test 


(potassium ion). 


POTASSIUM MONOXIDE — See potassium oxide. 
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POTASSIUM NITRATE — [KNO3] — {CAS 7757-79-1} 


— (Also niter, nitre, saltpeter, saltpetre or nitrate of 


potash. The term sal prunella referred to potassium 
nitrate that had been melted and cast into blocks) 


Potassium nitrate is a naturally occurring pyrotechnic 
oxidizer and, as such, the foundation on which the 
long history of pyrotechnics was built. The most re- 
cent process for the industrial production of potassium 
nitrate begins with ammonium nitrate, which is dis- 


solved in hot water and treated with a hot solution of 


potassium chloride. On cooling, potassium nitrate 
crystallizes, and ammonium chloride remains in solu- 
tion. The potassium nitrate is purified by re- 
crystallization. Potassium nitrate is colorless as crys- 
tals and white as a powder. 


Characteristic (a) 


Formula weight 101.10 g/mol 


Melting point 


‘Solubility (HzO at 25 


thalpy of decomposition | 225 kJ/mol® | 8. 


(d) = decomposes. 
a) Code for reference source, see preface. 


b) This is for the decomposition to KNO2. The enthalpy of 
decomposition of KNOz to K20, Nz and O2 is approxi- 
mately + 188 KJ/mol. 


Health information: TLV: none established. 


UN_hazard_ classification: PSN: potassium nitrate; 
HC: 5.1 — oxidizer (UN1486). 


Chemical properties: At temperatures between ~600 
and ~750 °C, potassium nitrate decomposes into po- 
tassium nitrite [KNO2] and oxygen [O2]: 


2KNO3 €3 2KNO> + Or 


This is an equilibrium reaction (i.e., molten potassium 
nitrite can take up oxygen to form potassium nitrate). 
A small fraction of decomposing potassium nitrate 
follows a different path, forming potassium peroxide 
[K2O2], oxides of nitrogen [NOx] and oxygen [Oo]: 


2 KNO3 > K2.O2. + 2NO + Op 
2 KNO3 > KO. + 2 NO» 


Above ~800 °C potassium nitrite decomposes, form- 
ing potassium peroxide, potassium superoxide [KOp], 
potassium oxide [K2O], oxides of nitrogen [NO,] and 
oxygen [Oz]: 


2KNO2 > K.O2 + 2NO 
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2KNO2 > 2 KO, + No 
2KNO,. > K.O0 + 2NO + 4O, 


Potassium nitrate is among the least hygroscopic 
chemicals used in pyrotechnics; its critical humidity 
(see humidity) is 94% at 68 °F (20 °C). It is insoluble 
in alcohol. Powdered potassium nitrate tends to cake 
on storage Commercial potassium nitrate frequently 
contains an anticaking agent. Petro-AG (sodium salt 
of dialkyl-napthalene sulfonic acid) is a common an- 
ticaking agent, which will practically eliminate the 
caking of potassium nitrate when present at a level of 
only 0.05%. This form of potassium nitrate is con- 
venient to use in most cases, but if the composition is 
to be consolidated using only pressure, without a 
binding agent (e.g., in Black Powder-type rocket pro- 
pellants), it is better to use potassium nitrate without 
the anticaking agent. 


Chemical_incompatibilities: Potassium nitrate must 
not be mixed with ammonium perchlorate in pyro- 
technic compositions. In the presence of moisture, the 
rather insoluble potassium perchlorate is formed, 
leaving the very hygroscopic ammonium nitrate (crit- 
ical humidity, 66%). This attracts more moisture 
from the air, eventually leading to a wet, unignitable 
composition (or worse, to other, dangerously adverse 
chemical reactions). For this reason, pyrotechnic 
primes containing potassium nitrate must not be ap- 
plied directly to compositions containing ammonium 
perchlorate. The problem can be avoided if an inter- 
mediate layer of composition that contains potassium 
perchlorate as the only oxidizer is applied between an 
ammonium perchlorate composition and a priming 
composition based on potassium nitrate. 


A mixture of potassium nitrate and red phosphorus is 
very sensitive to impact, although not as sensitive or 
explosive as Armstrong’s mixture. When ignited, the 
mixture burns with a flame, but it does not explode. 


A small amount of potassium nitrate mixed into the 
powder of some combustible substance, such as char- 
coal powder, can burn for hours when ignited. The 
presence of potassium nitrate in combustible dust 
makes it quite flammable and dangerous. Such con- 
taminated dust must be properly disposed of promptly. 


Mixtures of potassium nitrate and aluminum that have 
remained moist for a prolonged period can undergo 
accelerating self-heating, occasionally leading to fire 
or explosion. In the added presence of a chlorate, the 
potential for seriously adverse reactions is substan- 
tially increased. (For both cases, see aluminum.) 
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In fireworks: Potassium nitrate was for many centu- 
ries the only oxidizer used in fireworks. For example, 
it is used in many force and spark formulations (see 
fountain and gerb composition), as well as in Black 
Powder, spur fire, Chinese fire, Senko-hanabi and 
glitter compositions. It is also used in many spark- 
producing mixtures that include aluminum, titanium 
or various alloys as spark-producing agents. 


In the absence of metal fuels, potassium nitrate is un- 
suitable for use as the oxidizer in compositions in- 
tended to generate brightly colored flames from 
strontium, barium or copper compounds. It can be 
used as the oxidizer in compositions containing sodium 
compounds for making yellow flames, to produce 
soft white flames from mixtures containing antimo- 
ny(III) sulfide and sulfur, and for bright white flames 
from mixtures containing magnesium or aluminum. 
Potassium nitrate is used in the slow-burning flame 
compositions for portfires. It is also used for making 
touch paper, in prime compositions and in some de- 
lay compositions. 


In explosives: Potassium nitrate is used in the manu- 
facture of Black Powder. 


Historical sources: Potassium nitrate occurs naturally 
as the rare mineral niter in many parts of the world. It 
also occurs in soils, especially in dry places, where 
there has been prolonged accumulation of nitroge- 
nous material such as dung and urine. The decompo- 
sition of these materials by various soil microorgan- 
isms first produces ammonia, then nitrites [NO2 | and 
ultimately nitrates [NO3 ]. If wood ashes are also pre- 
sent, potassium nitrate is prominent amongst these ni- 
trates, and, being the least soluble, sometimes ap- 
pears as a white encrustation on the surface of the 
soil. Historically, potassium nitrate was extracted 
from such soils by boiling the soil with water in the 
presence of wood ashes. Potassium carbonate in the 
wood ashes converted calcium and magnesium ni- 
trates to potassium nitrate by precipitating the calci- 
um and magnesium as insoluble carbonates. 


The 16" century, Sienese (from Siena, Italy) metal- 
lurgist and armament maker Vannoccio Biringuccio 
(c. 1480-1539) gave a very detailed description of 
the extraction of potassium nitrate from soil in his 
book “Pirotechnia”, first published in 1540. His rec- 
ommendation to confirm the presence of useful con- 
centrations of potassium nitrate by tasting the dung- 
laden soil is perhaps best disregarded in this more 
squeamish and health-conscious age. 


The natural formation of nitrates in soil was also car- 
ried out in specially prepared ‘niter plantations’, or 
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“‘niter beds’, where soil, mixed loosely with dung and 
other nitrogenous refuse, along with wood ashes, 
lime and old mortar rubble, was kept exposed to the 
air in a dry place for a year or longer. From time to 
time urine was added to the fermenting mass, main- 
taining an abundant supply of nitrogenous matter to 
feed the microorganisms. Eventually, the material 
was boiled with wood ashes to extract the crude po- 
tassium nitrate, which was purified by recrystalliza- 
tion. The microbiological process is still carried on in 
some parts of the world. 


From about 1850, sodium nitrate mined from the vast 
caliche deposits in Chile (and described as Chile salt- 
peter) became the primary raw material to produce 
potassium nitrate on an industrial scale. Chile saltpe- 
ter was dissolved in hot water and the solution was 
mixed with a hot solution of potassium chloride. So- 
dium chloride is the least soluble of all the possible 
combinations of potassium, sodium, chloride and ni- 
trate ions, so it precipitated out of solution and was 
removed by filtration. Potassium nitrate crystals were 
deposited when the hot solution cooled. These were 
separated and purified by re-crystallization. 


Historical uses: According to historians, potassium 
nitrate was known to the Chinese long before there 
was any evidence of its being used in pyrotechnics. It 
was described as ‘hsiao shi’ (solve stone) possibly 
because of its use as a flux in metallurgy. As long 
ago as 492, Chinese writers recognized the com- 
pound by the purple color it imparted to a flame and 
by its property of burning vigorously with hot char- 
coal. A text of Taoist alchemy dating to around 850 
cites a warning against heating mixtures of saltpeter 
(potassium nitrate), sulfur, realgar (arsenic(II) sul- 
fide) and honey. Some who had done so had burned 
their hands and faces, and even burned down the 
house in which they were working, thus bringing 
themselves (and Taoism) into disrepute. 


Knowledge of such vigorous burning eventually led to 
the deliberate compounding of pyrotechnic mixtures. 
The first formula for gunpowder (i.e., Black Powder) 
was written down for printing and publication in 
about 1040, but similar mixtures had evidently been 
known and used for at least a century before. The 
first description of Black Powder-based firecrackers 
was in a book written in 1148 that described events 
that occurred at some time between 1103 and 1120. 


From China, knowledge of the pyrotechnic application 
of potassium nitrate spread to the west and south, to 
India and the Muslim world and eventually reached 
Europe in the 13" century. Potassium nitrate was the 
only practical pyrotechnic oxidizer available until the 
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discovery (in 1786) of potassium chlorate. Potassium 
nitrate was the basis, for good or ill, of gunnery, rock- 
etry, blasting technology and fireworks of all kinds. 


Potassium nitrate was used in many early attempts at 
colored-flame compositions, including red (1), yellow 
(2), green (3), blue (4), lilac pink (5) and white (6). 


Mea 


1, 2,3 and 6) Websky, 1878. 
5) Chertier, 1843. 


4) Cutbush, 1824. 


The green and blue compositions listed would not 
stand comparison with modern color compositions, 
but Websky, as late as 1878, thought the red was still 
useful. The yellow and white were said to be very 
good. 


Sodium nitrate, the obvious alternative to potassium 
nitrate, was sometimes used to make yellow flames 
for fireworks, but because of its hygroscopic nature, 
it was not used in propellants or explosives until the 
1850s, when its availability at a low cost from the 
Chile niter fields led to its use in blasting powders. 
Sodium nitrate is the principal oxidizer in the slower 
burning B-blasting grade of Black Powder (see Black 
Powder grade) and is used in some commercial ex- 
plosives to improve their oxygen balance. 


Statements in the literature that the extremely deli- 
quescent calcium nitrate and magnesium nitrate are 
(or were) practical oxidizers in Black Powder-type 
compositions are ill-founded, to say the least. 


POTASSIUM OXIDE — [K20] — {CAS 12136-45-7} — 
(Also potassium monoxide or dipotasstum monoxide) 


Potassium oxide is a product of the decomposition of 
potassium nitrate and is present in the smoke of many 
burning pyrotechnic compositions containing potassi- 
um compounds. It is a yellowish to grayish-white 
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powder. It reacts violently with water to form an ex- 
tremely caustic solution of potassium hydroxide 
[KOH]. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-Ceiling: 2 mg/m’ (as potas- 
sium hydroxide). 


POTASSIUM PERCHLORATE — [KCI]O«4] — {CAS 


7778-74-7} 


Potassium perchlorate is a common pyrotechnic oxi- 
dizer. It can be produced by a double-decomposition 
reaction of potassium chloride [KCl] and sodium per- 
chlorate [NaClO.] (which is produced by the elec- 
trolysis of sodium chloride [NaCl]): 


KClaq) + NaClOa(aq) > KC1O4(s) + NaClaq) 


Potassium perchlorate is colorless as crystals and white 
as a powder. 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 
b) Assumes KCIO4 decomposes to KCI + 2 Oz. 


Health information: TLV: none established. See per- 
chlorate ion. 


UN_ hazard classification: PSN: potassium perchlo- 
rate; HC: 5.1 — oxidizer (UN1489). 


Chemical properties: Potassium perchlorate is more 
stable than potassium chlorate [KCI1O3], and its de- 
composition to potassium chloride and oxygen [Oz] is 
considerably less exothermic: 


KCIO3 > KCl + 1.5 Oz 
KClOg > KCl + 2 O2 


AH = -39 kJ 
AH =—-4kJ 


Potassium perchlorate is not hygroscopic. 
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Potassium perchlorate is used for colored-flame com- 
positions, but the burn rate is not as great as with po- 
tassium chlorate compositions. The available oxygen 
per gram of potassium perchlorate is 0.462 g, which 
is 1.18 times that of potassium chlorate. 


Potassium perchlorate forms sensitive mixtures with 
red phosphorus; the mixture explodes when subjected 
to impact between pieces of aluminum or bronze. 
When the mixture is ignited, it instantly explodes. 
Despite this, match compositions and toy caps cannot 
be easily made from compositions that contain potas- 
sium perchlorate in place of potassium chlorate be- 
cause their ignition is unreliable. Potassium perchlo- 
rate also forms sensitive mixtures with arsenic(II) 
sulfide, arsenic(III) sulfide, antimony(III) sulfide, 
sulfur, etc., but these mixtures are not as sensitive as 
the corresponding mixtures with potassium chlorate. 


Potassium perchlorate does not cause a reaction when 
added to hydrochloric acid or nitric acid. With concen- 
trated sulfuric acid, the commercial product gives a 
slight odor resulting from the presence of impurities 
such as potassium chloride. In contrast with potassium 
chlorate, a mixture of potassium perchlorate and a 
sulfide does not immediately ignite upon the addition 
of concentrated sulfuric acid. 


Reportedly, potassium chloride, iron(III) chloride, 
copper(II) chloride, chromium(III) oxide, potassium 
dichromate, lithium chloride, etc. promote the de- 
composition of potassium perchlorate, similar to their 
effect on potassium chlorate. In particular, chromi- 
um(III) oxide is very effective at 410 °C, and lithium 
chloride at 430 °C, but these temperatures are a little 
higher than the corresponding decomposition temper- 
atures with potassium chlorate. 


For more information on the chemistry of potassium 
perchlorate, see perchlorate ion. 


In explosives: Potassium perchlorate has been used in 
explosives for blasting and mining. Swedish chemist 
and entrepreneur Oscar Carlson (1844-1916) did the 
initial work in this field in the 1890s. 


In rocket propellants: A mixture of potassium per- 
chlorate and asphalt (in a ratio of 3:1), developed in 
1942 by American researcher John Whiteside Parsons 
(1914-1952), was the first castable propellant for sol- 
id-fuel rockets. It was used in jet-assisted take-off 
(JATO) units for aircraft. 


In photographic flash powders: Mixtures of potassium 
perchlorate and magnesium or aluminum powders 


were used as flash powders for photography (see flash 
powder type (photoflash powder)). 
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In flares: Potassium perchlorate is used as an oxidizer 
in colored flares, including highway safety flares (fu- 
sees). 


In fireworks: Potassium perchlorate is the most com- 
monly used oxidizer for colored flames such as in 
star compositions and lance composition. It is also 
commonly used in various flash powder type. 


Historical: Austrian Count Friedrich von Stadion 
(1774-1821) reported the preparation of potassium 
perchlorate in 1816. It was originally called ‘oxy- 
genirt-chlorinsaure Kali’ (oxygenated chlorate of 
potash). In 1817 Scottish chemist Thomas Thomson 
(1773-1852) proposed that the corresponding acid be 
called perchloric acid, which would imply that the 
salt be named perchlorate of potash. The name ‘oxy- 
chlorate’ was used interchangeably with perchlorate 
until the work of the French chemist and military 
pharmacist Georges-Simon Serullas (1774-1832) led 
to broad acceptance of the term ‘perchlorate’. 


Von Stadion’s method for making potassium perchlo- 
rate was the treatment of potassium chlorate with 
concentrated sulfuric acid [H2SOu,], allowing the mix- 
ture to stand for 24 hours with frequent stirring, 
warming it on a water bath until it lost its color and 
smell, and then diluting the mixture with water and 
filtering off the potassium perchlorate, which was 
then washed with cold water. The overall reaction is: 


3 KCIO3 + 2 H»SO4 > 
KC1O, + 2 KHSO, + H2O + 2 ClO, 


This method of producing potassium perchlorate is 
very dangerous. Explosive chloric acid [HC1O3] is an 
intermediate, and explosive chlorine dioxide gas 
[ClOz2] is a product. It is also wasteful, as at best only 
a third of the potassium chlorate can be converted in- 
to potassium perchlorate, corresponding to a yield of 
37.7 parts perchlorate per 100 parts chlorate. 


Until the work of Serullas, potassium perchlorate was 
essentially a chemical curiosity. In 1831 Serullas 
demonstrated that perchloric acid (made from potas- 
sium perchlorate) was a potentially valuable analyti- 
cal reagent. In 1831 Serullas reported on the produc- 
tion of potassium perchlorate by the careful heating 
of potassium chlorate, followed by the purification of 
the product by extracting the more soluble potassium 
chloride and residual potassium chlorate with water. 
This method was somewhat more efficient (100 parts 
of chlorate yielded 43.8 parts of perchlorate) and far 
safer than the method of von Stadion, as the only 
gaseous by-product was oxygen. The yield indicates 
that the reaction was close to: 
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6 KCIO; > 2KClO4, + 4KCl + 502 


This equation summarizes the result of two compet- 
ing reactions: 


The formation of potassium perchlorate: 


2KCIO; > KClIO, + KCl + O» 
(expected to yield 56.5% by weight) 


and the decomposition of potassium perchlorate: 
KClOg > KCl + 202 


The extent of the two reactions would presumably vary 
with the experimental conditions. Under the condi- 
tions used by Serullas, about 1/3 of the theoretically 
possible quantity of potassium perchlorate was lost. 


In 1840 British chemist Frederick Penny (1816— 
1869) discovered that replacing sulfuric acid with ni- 
tric acid made von Stadion’s original acid process 
much safer as no chlorine dioxide was produced, but 
the yield of potassium perchlorate remained poor. 


In 1849 potassium perchlorate cost about 4 shillings 
an ounce in London — equivalent to about $440 per 
pound at present value. 


3 KCIO3; + 2 HNO; > 
KClO4 + 2 KNO3 + H20 + Ch + 20> 


Electrolytic processes for making perchlorates were 
envisioned (by von Stadion) as early as 1818 and in- 
vestigations continued sporadically during the 19" 
century. Commercial production of perchlorates by 
an electrolytic process began in 1905, in Sweden. 


Interest in potassium perchlorate as an oxidizer in py- 
rotechnics was shown as early as 1850 when the 
wealthy German businessman and amateur pyrotech- 
nist Johahn Martin Websky (1799-1867) investigated 
it in an effort to find a substitute for potassium chlo- 
rate in sulfur-based color compositions. He obtained 
20 pounds of potassium perchlorate from the German 
chemist Julius Hutstein, who used the method sug- 
gested by Serullas in 1831, involving the heating of 
potassium chlorate. 


Websky found that when potassium perchlorate re- 
placed potassium chlorate in sulfur-based colored 
stars (suitably re-formulated to account for the greater 
oxygen content of potassium perchlorate), it elimi- 
nated the risk of spontaneous combustion. Additional 
advantages were that the stars burned more slowly 
and with greater light intensity. Minor disadvantages 
were that the flame envelopes were smaller, and the 
colors were somewhat weaker, especially blue and 
green. Websky wrote that were it not for the cost, he 
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would prefer to use potassium perchlorate rather than 
potassium chlorate in compositions that contained 
sulfur. The high cost of potassium perchlorate de- 
layed its application for many decades, even though 
mixtures in which potassium perchlorate was used in- 
stead of potassium chlorate were not susceptible to 
spontaneous ignition and were less prone to acci- 
dental ignition by impact or friction. 


A set of historical potassium perchlorate colored- 
flame compositions is presented below (Websky, 
1850). Formulations 1 to 7 are for red, pink, yellow, 
green, blue, violet and white colored flames. 


Formulation | Parts by Weight 
Ingredient | 


{ te j 


Formulation > Parts by Weight 
eecen 
= . r ; : | 


yper filing 


a) The original gives ‘bergblau’ or ‘mountain blue’, which is 
another name for the mineral azurite [2CuCO3— 
Cu(OH)2]. 


POTASSIUM PERMANGANATE — [KMnO,] — {CAS 
7722-64-7} — (Also Condy’s crystals or permanga- 
nate of potash) 


Potassium permanganate is a powerful, but seldom 
used, pyrotechnic oxidizer. It forms dark purple crys- 
tals with a greenish metallic luster and is purple as a 
powder. 
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Characteristic 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: (Mn content) TLV (TWA): 0.1 
mg/m? (inhalable dust or fume), 0.02 mg/m? (respira- 
ble dust or fume); (ACGIH 2015). MAK (TWA): 0.2 
mg/m? (inhalable dust or fume), 0.02 mg/m? (respira- 
ble dust or fume) (2015). 


UN hazard classification: PSN: potassium permanga- 
nate; HC: 5.1 — oxidizer (UN1490). 


Pyrotechnic uses: In the late-19"" century, potassium 
permanganate was used, in mixtures with magnesium, 
in some early photoflash powders (see flash powder 
type). In the 20" century, it was used in some military 
delay compositions; for example, a mixture of potas- 
sium permanganate and antimony was used in delay 
elements in some German military devices during 
World War II. Potassium permanganate is also well 
known for its ability to cause a spontaneous ignition 
when mixed with some organic liquids (e.g., glycerol). 


The spontaneous ignition reaction of potassium per- 
manganate with glycerol or ethylene glycol is nor- 
mally subject to some delay. For example, starting 
controlled burns for wildfire control has been accom- 
plished by throwing incendiary capsules from air- 
craft. The capsules are pre-charged with potassium 
permanganate, and then, immediately before their 
ejection from the aircraft, the capsules are injected 
with ethylene glycol. Typically, combustion of the 
capsules occurs within 45 seconds. A machine used 
in Australia in the 20" century to perform this pro- 
cess automatically in an aircraft is shown below. 
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POTASSIUM PICRATE — [K(C6H2N307)] — {CAS 573- 


83-1} — (Also potassium salt of 2,4,6-trinitrophenol, 
potassium 2,4,6-trinitrophenate, potassium 2,4,6- 
trinitrophenolate; potassium salt of picric acid or car- 
bazotate of potassa) 


Potassium picrate was formerly used as a constituent 
of high explosives and smokeless powders. It is of 
historical interest as the principal ingredient in the 
original pyrotechnic whistle composition. It is a red- 
dish-yellow, crystalline solid, prepared by neutraliz- 
ing 2,4,6-trinitro-phenol (picric acid) with potassium 
carbonate or potassium hydroxide. It readily stains the 
skin yellow. 


Structural formula: 
(see benzene ring) 


Historical: The French pyrotechnist Amédée Denisse 
described potassium picrate whistles in a booklet 
published in 1888. These whistles remained in use 
well into the 20" century. The whistle effect was ac- 
companied by the generation of black smoke. The 
following formulation (Weingart, 1947) is an exam- 
ple where potassium picrate is formed in solution as 
part of the compounding procedure. 


Ingredient Parts by Weight 


a) Potassium picrate was formed by the reaction of the 
picric acid (2,4,6-trinitro-phenol) and potassium car- 
bonate in a minimum quantity of boiling water. Then po- 
tassium nitrate was added, and the solution was al- 
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lowed to cool; the recrystallized material was collected 
and dried for use as the whistle composition. 


Health information: TLV: none established for the 
salt. See 2,4,6-trinitro-phenol. It is presumably highly 
toxic on ingestion. It has an intensely bitter taste and 
stains the skin yellow on contact. 


POTASSIUM POLYSULFIDE — [K2S;, where n is a 
small integer greater than 1.] 


Potassium polysulfide is a potential reaction product 
of the burning of Black Powder compositions with an 
excess of sulfur. Potassium disulfide is the lightest 
member of this group of chemicals, and it plays an 
important role in the chemistry of Senko-hanabi and 
most glitter effects (see glitter chemistry). 


POTASSIUM SULFANTIMONATE — See potassium thi- 
oantimonate(III) 


POTASSIUM SULFATE — [K2SO,] — {CAS 7778-80-5} 
— (Also sulfate of potash; the mineral arcanite) 


Potassium sulfate is one of the reaction products of 
the burning of Black Powder and Black Powder- 
based pyrotechnic compositions. Potassium sulfate is 
a high-temperature oxidizer in the flash reaction of 
most glitter effects (see glitter chemistry) and in 
some white strobe compositions. Historically, it was 
used as a flame color-agent in early blue and violet 
colored-flame compositions. Potassium sulfate is 
colorless as crystals and white as a powder. 


Characteristic (a) 


d = decomposes 
a) Code for reference source, see preface. 


b) A boiling point of 1690 °C is commonly quoted; howev- 
er, gaseous potassium sulfate and the gaseous decom- 
position products in equilibrium with liquid potassium 
sulfate are reported to reach one atmosphere at 
2106 °C (Knacke, 1991). 


Health information: TLV: none established. Potassium 
sulfate is relatively non-hazardous in routine indus- 
trial situations. 


UN hazard classification: not regulated. 


POTASSIUM SULFIDE — [K2S] — {CAS 1312-73-8} 
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Potassium sulfide is one of the reaction products of 
the burning of under-oxidized Black Powder or the 
burning of Black Powder compositions having an ex- 
cess of sulfur. Potassium sulfide is the precursor to 
the formation of potassium sulfate, the principal high- 
temperature oxidizer for the flash reaction of most 
glitter effects (see glitter chemistry). It is colorless as 
crystals and white as a powder. 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


b) Licht, 1986. Concentrated aqueous solutions are 
strongly alkaline and caustic. 


Health information: TLV: none. Potassium sulfide is a 
powerful reducing agent, and its dust can be pyro- 
phoric. It is toxic by inhalation or ingestion. Avoid any 
skin contact. 


UN_ hazard classification: PSN: potassium sulfide, 
anhydrous or potassium sulfide with less than 30 per- 
cent water of crystallization; HC: 4.2 — spontaneously 
combustible (UN1382). 


POTASSIUM THIOANTIMONATE(III) — [K3SbS3] 


Potassium thioantimonate(II]) is thought to be an in- 
termediate reaction product of glitter compositions 
containing antimony(II]) sulfide (see glitter chemis- 


try). 


POTASSIUM THIOCYANATE — [KSCN] — {CAS 333- 
20-0} 


Potassium thiocyanate is used in combination with 
iron(II) chloride in some stage blood compositions. 
It is produced by controlled heating of potassium cy- 
anide and sulfur. It is colorless as crystals and is deli- 
quescent. 


Characteristic (a) 


(d) = decomposes. 
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a) Code for reference source, see preface. 


Health information: OSHA-TWA: 5 mg/m’. Potassi- 
um thiocyanate can be harmful or fatal if ingested, 
causing hallucinations, toxic psychosis, convulsions 
and gastritis. It causes developmental damage in an- 
imal studies. There is no cancer or other chronic data. 


UN hazard classification: Not regulated. 


POTASSIUM 2,4,6-TRINITRO-PHENATE or POTAS- 
SIUM 2,4,6-TRINITRO-PHENOLATE — See potassi- 
um picrate. 


POTENTIAL DIFFERENCE -— See voltage. 
POTENTIAL ENERGY -— See energy. 


POTENTIAL LANDING AREA (fireworks) — The fallout 
area into which debris (including unignited stars) and 
malfunctioning aerial shells are expected (and per- 
mitted) to fall. 


POT LIFE — The approximate time between preparing a 
mixture and its ceasing to be useful for its intended 
purpose. The term is usually used in the context of 
polymerizing materials such as epoxy adhesives or 
hydroxy-terminated polybutadiene binders. In this 
context, pot life refers to the time between mixing the 
material with its catalyzing agent and its ceasing to 
be in a fit condition for brushing, pouring or mixing 
with other components. Pot life may also refer to the 
time in which a traditionally-prepared adhesive such 
as wheat paste remains useful before becoming de- 
graded by mold growth or souring. In this instance, 
pot life of the adhesive can be extended by adding 
small amounts of menthol or thymol. 


POT METAL — See Babbitt metal. 


POTS D’AIGRETTTES and POTS DE BRINS — See 
firework name and description (historical). 


POUDRE BRUGERE — See ammonium picrate. 


POUND — (Symbol: Ib, lbf or Ibm) — An English unit, 
obsolete in most parts of the world, but still common in 
the US, that can be either a unit of force or a unit of 
mass. Thus, two English units are described as a pound. 


pound force — (Symbol: Ib or lbf) — The unit for 
force (avoirdupois) in the English system of meas- 
urement. Its symbol Ib is also written as Ibf (i.e., 
pound force) to distinguish it unambiguously from 
Ibm, which is the pound mass. When a pound is a unit 
of force, the English unit of mass is the slug. 
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Multiply ® To Obtain 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


b) The metric ton is a unit of mass. The equivalence only 
applies for earth’s gravitation acceleration. 


pound mass — (Symbol: Ib or Ibm) — The unit for 
mass in the English system of measurement. A pound 
mass (avoirdupois) approximately equals 0.454 kilo- 
gram, while the pound mass (Troy or Apothecary) 
approximately equals 0.373 kilogram. Its symbol Ib is 
also written as Ibm (i.e., pound mass) to distinguish it 
unambiguously from the Ibf, which is the pound 
force. In the system where a pound is a unit of mass, 
the unit of force is a poundal. Under the influence of 
earth’s gravity, a one-pound mass produces a force of 
32.2 poundals. 


Multiply @ To Obtain 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


b) The ounce is a unit of force. The equivalence only ap- 
plies for earth’s gravitation acceleration. 


POUNDAL — (Symbol: pdl) — An obsolete English unit 
of force. It is the force necessary to accelerate one 
pound of mass at one foot per second, per second 
(Ib- ft/s”). One poundal equals 0.138 newton. 


POUNDS PER SQUARE INCH — (Symbol: psi) — A unit 
of pressure in the English system of measurement 
that produces a one-pound force acting on one square 
inch. The symbol psia refers to absolute pressure 
measured in comparison to a vacuum, and psig refers 
to gauge pressure and represents pressure that is a 
differential from normal atmospheric pressure. 


Multiply © 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 
b) The pressure unit psi = pounds per square inch. 


Encyclopedic Dictionary of Pyrotechnics 


POWDER BOX — A secure container in which explo- 
sives and pyrotechnic materials are stored when not 
in immediate use. The purpose of a powder box is to 
provide secure, temporary storage of the material. 


At a remote work site, one purpose of a powder box 
(commonly described as a day box or portable maga- 
zine for blasting explosives or as a ready box for 
fireworks) is to provide for protection against loss, 
theft or damage. 


At a manufacturing site, the primary purpose of a 
powder box is to preclude the immediate involvement 
of the contained material in the event of an accident. 
This is accomplished by retarding the ability of 
flame, sparks and firebrands to contact and ignite the 
contents of the powder box. The simple but effective 
use of a small powder box is shown below. The upper 
left photograph shows a small tray holding a few 
hundred grams of Black Powder, such as might be 
used for the lift charges for a multiple-tube device. 
With this degree of exposure, any stray spark reach- 
ing the powder has the potential to initiate a confla- 
gration. 


If, when not in immediate use, the powder is enclosed 
within the powder box (lower left), it is relatively 
well-protected. Each time a scoop of powder is needed, 
the lid can be lifted to access the powder (shown on 
the right). Because the lid is prevented from opening 
more than halfway, it will close by gravity when it is 
released. If several scoops of powder are needed in 
rapid succession, the tray of powder can be removed 
from the box, the powder used, and the tray then re- 
turned to the security of the box while other opera- 
tions are performed. 


POWDER CAKE - (Also powder paste) — Nitrocellu- 
lose gelatinized or mixed with nitroglycerine or other 
liquid organic nitrates. 


POWDER MAN - See shot firer. 


POWDER MEASURE — An implement used to measure 
a reproducible amount of Black Powder for loading 
into antique small arms. The example shown below 
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has an adjustable piston with a measurement scale 
and locking thumbscrew allowing it to be accurately 
used for a wide range of powder loads. 


| || 


HE] | 
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Hy 


HHL 


Similar devices can be used when charging powder 
loads or increments during the manufacture of fire- 
works and other pyrotechnics. 


| ETH | 
1] | PEELE | 


POWDER MONKEY - See shot firer. 
POWDER PASTE — See powder cake. 


POWDER-PASTED PAPER -— Thin paper, coated with a 


pyrotechnic composition, three types of which are 
discussed below. 


Cutting powder-pasted paper can sometimes cause its 
ignition. Cutting must be done with care and in a 
place where an accidental ignition cannot progress to 
a disaster. 


Black Powder-pasted paper: Thin paper lightly coat- 
ed with Black Powder. Pieces of this paper can be 
used in various priming techniques or to accomplish 
other fire transfers. Black Powder-pasted paper is al- 
so used in making a type of quick match. An example 
of Black Powder-pasted paper is shown below. 


Red thermite-pasted paper: Thin paper lightly coated 
with red thermite. Considering its sensitiveness and 


the undesirability of using lead compounds, this type 
of powder-pasted paper should be considered obsolete. 


Colored fire-pasted paper: Paper coated with colored- 
flame composition, used to make falling leaves effects. 
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POWDER-PASTED PAPER QUICK MATCH — See 
black match and quick match. 


POWDER TRAIN — A trail of pyrotechnic material, typ- 
ically produced by pouring powder on a surface, usu- 
ally the surface of the ground. Such a trail may be 
used as a fuse to ignite other materials. A powder 
train may also be used for the relatively safe destruc- 
tion of pyrotechnic materials by burning. 


POWDER TYPE (explosives) — ‘Powder’ is a generic 
term for almost any commercial explosive irrespec- 
tive of type, even when the explosive bears little or 
no physical resemblance to a powder. The term dates 
from the time when Black Powder was the only 
known explosive, and, prior to about the 15" century, 
Black Powder was encountered only in the form of a 
loose powder. 


The term ‘powder’, as applied to pyrotechnic compo- 
sitions, is often clarified with an adjective that de- 
scribes some characteristic of the material or the 
name of its inventor. 


In the text below, when an initial boldfaced term is 
italicized, more-detailed information is located else- 
where in this dictionary in an entry by that name 
(TERM). When there is more detailed information lo- 
cated within this entry, the reader is directed there by 
a note to ‘see above’ or ‘see below’. Some additional 
powder types are included in the entry propellant type. 


Abel’s powder — See below, picrate powder. 
Augendre’s powder — See below, white powder. 
ball powder — See smokeless powder. 


Black Powder — An intimate mixture of potassium 
nitrate, charcoal and sulfur; the original gunpowder. 


brown powder — (Also C/82 powder, brown pris- 
matic powder, chocolate powder or cocoa powder) — 
A gun propellant, similar to Black Powder, developed 
in the 19" century specifically for use in large-caliber 
military guns. It was made from incompletely charred 
charcoal (1.e., brown charcoal, see charcoal type). 
The brownish color of the propellant gave rise to the 
names ‘brown powder’, ‘chocolate powder’ and ‘co- 
coa powder’. The propellant was developed in Ger- 
many in about 1875 by Max Wilhelm von Duttenho- 
fer (1843-1903) and at about the same time by Jo- 
hann Nepomuk Heidemann (1841-1913). Its compo- 
sition, as disclosed in British Patent 16,314 granted to 
J. N. Heidemann in 1884, is presented below as for- 
mulation 1. This powder was tightly compressed into 
hexagonal prisms weighing 42 to 45 grams, giving 
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rise to the name ‘brown prismatic powder’. Each 
prism was approximately 25 mm thick and 40 mm in 
diameter (1 by 1.6 in.), pierced longitudinally with a 
single central channel 10 mm (0.4 in.) wide. Another 
formulation (2) for brown powder (Du Pont, 1886) is 
also presented below. 


Ingredient Parts by Weight 


otassium nitrate i |e | 


a) Containing ~2% water. 


Brown powder was somewhat difficult to ignite, re- 
quiring a priming charge of granulated Black Powder 
to ensure its proper ignition in ordnance. The most 
remarkable characteristic of brown powder was its 
very low burn rate. The burn time of a single grain 
weighing 42.4 grams was 17 seconds. Accordingly, 
brown powder performed better in heavy ordnance 
than did faster-burning, granular Black Powder. 
Brown powder imparted a high velocity to the projec- 
tile, while exerting a relatively low pressure on the 
walls of the gun. It also produced less persistent smoke. 


In part, the slow burn rate of brown powder was at- 
tributable to the resinous material remaining in brown 
charcoal allowing the charcoal to flow somewhat un- 
der extreme compression. As a result, the powder 
grain was a hard, dense, nearly impervious mass that 
could burn only on its surface. This contrasts with 
granular Black Powder, which has slight porosity into 
which the flame can penetrate and accelerate its burn 
rate, especially when the powder is burned under 
high pressure, as in cannons. 


Another factor that caused brown powder to burn so 
slowly was the very large size of the grains, which 
resulted in a low surface-to-mass ratio of the “‘pow- 
der’. Even when pulverized, it burned much more 
slowly than pulverized Black Powder, showing that 
the slow burn rate was not solely due to the size, den- 
sity and hardness of the pressed pellets. 


The primary factor in the slow burn rate was the par- 
ticle size of its ingredients. While the sulfur and 
brown charcoal were both very finely ground, the po- 
tassium nitrate was comparatively coarse, ranging 
from 0.0005 to 0.005 inch (12.5 to 125 microns) in 
diameter. This was achieved by milling the charcoal 
and sulfur together, with no potassium nitrate, for 
about two hours, then adding coarsely ground potas- 
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sium nitrate, dampening the mix, and milling it for a 
carefully controlled time (determined by testing as 
about 20 minutes) until the desired burn rate was 
achieved. If the milling time were less, the burn rate 
would be too low; if the milling time were longer, the 
burn rate became too fast. If the mixture were pro- 
cessed in the same way as conventional Black Pow- 
der, prisms made from it burned very violently and 
were useless as propellants for use in large-caliber 
military guns. 


Brown powder was used by the U.S. Navy in the 
Spanish-American war of 1898, and there are records 
of its use in practice firing by U.S. Navy ships as late 
as 1910. By that time, it had already been largely su- 
perseded by ‘smokeless powders’ . 


Brugére’s powder — See below, picrate powder. 


bulk powder — (Also bulk sporting powder) — A 
gun powder that was loaded by volume (i.e., by bulk) 
and/or had approximately the same power as the 
same volume of Black Powder. For some bulk pow- 
ders, this was accomplished by intentionally adjust- 
ing their porosity. 


Bulk powders were early (semi-smokeless) forms of 
smokeless powder. According to most texts, bulk 
powders consisted primarily of nitrocellulose fibers 
bound together, often in a form that was partially col- 
loided. Schultze’s powder, collodin powder and E. C. 
powder (see below) are examples of powders that 
were known as bulk powders. Approximate formula- 
tions (Davis, 1943) for three bulk powders (not oth- 
erwise described) are presented below. 


Formulation >| Parts by Weight 
Ieee 


a) The percent nitrogen in the nitrocellulose is 13.15%. 

b) The percent nitrogen in the nitrocellulose is 12.90%. 

c) The percentage of nitrogen in the nitrocellulose is an 
average attained by mixing pyrocellulose and guncotton. 


d) Astabilizer for nitrocellulose. 


wa 


Bulk powders were used as propellants in smooth- 
bore small arms, as explosive charges and as igniter 
charges, but they were too fast burning for use in ri- 
fled small arms. Bulk powders were eventually re- 
placed with powders of greater density, which were 
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more completely colloided, burned more slowly and 
produced essentially no smoke. Collectively, these 
newer powders were sometimes described as ‘dense’ 
smokeless powders. 


chlorate powder — (Also Kallow’s and Short’s 
safety powder, Knaffle’s powder, or Sharp and 
Smith’s powder) — Within a few years following the 
development of white powder (see below), several 
other powders based on potassium chlorate were also 
proposed. Formulations for some of these powders 
(Monroe, 1888) dating to ca. 1866 are presented be- 
low. Among these powders are three known as Kal- 
low and Shorts’ safety powders (formulations 1 to 3), 
Knaffle’s powder (formulation 4) and Sharp and 
Smith’s powder (formulation 5). 


Formulation —| Parts by Weight 
Ingredient | 
: : : ] . | AG i 


a) Not further specified. 

b) “... obtained by dissolving ammonia in ulmic acid, the 
acid being produced by heating grape sugar with potas- 
sium hydroxide.” 


collodin powder — (Also Volkmann powder) — A 
modified type of Schultze’s powder (see below), pa- 
tented by chemist Friedrich Volkmann in Austria in 
1870 and 1871. The powder was manufactured at 
Volkmann’s factory near Vienna from 1872 to 1875, 
when manufacture had to stop because the Austrian 
government considered that it contravened the Gov- 
ernment’s monopoly on the manufacture of gunpow- 
der. Volkmann’s powder was produced by partially 
colloiding the powder grains using an ether-alcohol 
mixture as the solvent. This had the effect of reduc- 
ing the powder’s burn rate to more manageable lev- 
els. In 1885 in England, chemists David Johnson and 
William Dalrymple Borland (1863-1934) patented a 
similar powder (J.B. powder), using camphor rather 
than ether-alcohol to harden the powder grains. 


Designolle’s powder — See below, picrate powder. 


double-base powder — See smokeless powder and 
propellant type. 
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E.C. powder — (Also Explosives Company Powder) — 
A modified type of Schultze’s powder (see below), 
similar to collodin powder (see above), was devel- 
oped by Walter F. Reid (1851-1931) and David 
Johnson, who received a British patent in 1882 (GB 
619). As with collodin powder, E.C. powder was 
produced by partially colloiding the powder grains 
using an ether-alcohol mixture as the solvent. The ni- 
tro compound used in this powder was nitrocellulose 
(i.e., nitrocotton) rather than nitrolignose, and the 
powder contained a colorant. Over the years, there 
were at least three types of E.C. powder, known by 
various names including as E.C. blank powder and 
E.C. sporting powder. 


fulminating powder — See below, yellow powder. 
Glauber’s powder — See below, yellow powder. 


Golden Powder™ — A propellant based on potas- 
sium nitrate and ascorbic acid (i.e., Vitamin C) in a 
ratio of approximately 6 to 4. It was suggested that 
Golden Powder would make a non-fouling substitute 
for Black Powder in antique weapons. 


Although patented in 1985 (US 4,497,676), this pow- 
der has never been successfully commercialized on a 
continuing basis. Apparently, this was in part because 
of legal disputes, but also because the process in- 
volves cooking a concentrated aqueous solution of 
the primary ingredients in a process that is somewhat 
equivalent to caramelizing sugar. The burning prop- 
erties of the product may be considerably affected as 
a result of minor differences in the cooking process. 


Currently, a few similar products are being manufac- 
tured that are based on potassium nitrate and ascorbic 
acid; manufacture of these products does not involve 
cooking the ingredients. These products commonly 
include a small amount of potassium perchlorate as 
an oxidizer to increase their performance. Despite 
their improved performance and non-fouling charac- 
teristics, these Golden Powder derivatives have not 
by any means completely replaced Black Powder and 
other Black Powder substitutes in antique firearms. 


granulated wood powder — See below, Schultze’s 
powder. 


green powder — See Black Powder (rough Black 
Powder). Freshly extruded smokeless powders, still 
with some volatile solvents contained within them, 
may also be described as ‘green powder’. In both 
cases, ‘green’ is not a reference to color, but indicates 
the unfinished state of the powder (as in a reference 
to ‘green’ fruit as opposed to that which is ‘ripe’). 
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gun powder and gunpowder — Historically, the 
term ‘gunpowder’ was used interchangeably for 
black powder, which at the time, was the only gun 
propellant. Then, during the 19" century, a large col- 
lection of new gun propellants was introduced. To- 
day, especially in the US, ‘gun powder’ is the generic 
term for any propellant used in firearms, most com- 
monly referring to the smokeless powders used in 
modern cartridges. 


In this text, to avoid confusion, yet acknowledging 
the special nature and history of black powder, the 
term is capitalized (1.e., Black Powder). To the extent 
that it is practical, other gun propellants are referred 
by their specific name. When on occasion it is neces- 
sary to refer generically to other propellants used in 
firearms, they are referred to as ‘gun propellants’. 


J.B. powder — See above, collodin powder. 


Kallow and Shorts’ safety powder — See above, 
chlorate powder. 


Knaffle’s powder — See above, chlorate powder. 


picrate powder — Any of several powders based on 
picrates, developed in the 19" century in an attempt 
to reduce the obscuring effect of Black Powder 
smoke on the battlefield (i.c., the ‘fog of war’), A 
collection of these low-smoke formulations (Monroe, 
1888) dating to ca. 1869 are presented below. Among 
these powders are three known as Designolle’s pow- 
ders (formulations 1-3, suggested for use in shells, 
musket and cannon, respectively), Brugére’s powder 
(formulation 4) and F. A. Abel’s picric powder (for- 
mulation 5). 


Formulation > Parts by Weight @) 
peter) 


a) To the nearest percent. 


In 1896 F. A. Halsey patented (US 568,902 and 
570,705) three additional picrate powder formula- 
tions (presented below), which were described as 
‘smokeless powders’. They were designated cannon 
powder (formulation 1), sporting powder (2) and rifle 
powder (3). 


Encyclopedic Dictionary of Pyrotechnics 


Formulation —| Parts by Weight 
Ingredient | potato 


In the manufacturing process for these powders, a 
boiling aqueous solution of potassium permanganate 
was reacted with ammonium picrate (or ammonium 
picrate and potassium dichromate) to produce ‘con- 
siderable effervescence’. A chemical reaction be- 
tween ammonium picrate and potassium permanga- 
nate converted some of the ammonium picrate into 
potassium picrate (see ammonium permanganate). In 
addition, the gaseous products produced the efferves- 
cence. The reaction also produced hydrated manga- 
nese oxides. 


red powder — As late as the last half of the 20 cen- 
tury, attempts were still being made to improve the 
consistency of the performance of regular Black 
Powder. Red powder was investigated as one varia- 
tion of Black Powder. 


The variability of regular Black Powder is widely at- 
tributed to the uncontrollable variability in the char- 
coal used in its manufacture. To locate effective sub- 
stitutes for charcoal, several alternate fuels were in- 
vestigated, including phenolphthalein ([C2oH140a] 
{CAS 77-09-8}) an acid/base indicator that is color- 
less under acidic conditions but turns red under alka- 
line conditions. One formulation (Weber, 192) for red 
powder is presented below. 


Ingredient Parts by Weight @ 


Potassium nitrate 


a) To the nearest percent. 


The resulting powder was red in color. While this 
powder rivaled the performance of Black Powder, it 
was much more expensive and has been mostly rele- 
gated to an historical curiosity. 


rough powder — A powder mixture that has been 
simply mixed and thus is relatively poorly incorpo- 
rated (e.g., serpentine powder, see below). Rough 
powders typically have significantly lower burn rates 
than their well-incorporated versions. In contrast to 
this, a few powders, such as collodin and E.C. pow- 
der (see above), had lower burn rates when fully pro- 
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cessed than they did when only partially processed. 
The lower burn rates of these fully-processed powders, 
which were partially colloided versions of Schultze’s 
powder (see below), made them safer to use in the 
firearms of the day. 


rough Black Powder — See Black Powder. 


Schultze’s powder — (Also Schultze’s granulated 
wood powder) — An early, low-smoke gunpowder, 
considered by many to be the first successful smoke- 
less powder but is better described as semi- 
smokeless. It was developed by Prussian artillery 
captain Johann Friedrich Eduard Schultze. 


The powder was produced by first purifying tiny 
grains of wood. This process started by boiling the 
wood grains with a sodium carbonate solution to re- 
move acids and other easily soluble substances. Then, 
after drying the wood grains, they were treated with 
steam and then subjected to prolonged washing with 
water to remove proteinaceous material. Then the 
wood grains were bleached with a solution of chlo- 
ride of lime or with chlorine gas, followed by further 
prolonged washing with running water, then boiling 
in water and then more prolonged washing. 


The purified wood grains were then nitrated (to nitro- 
lignose) using a mixture of nitric and sulfuric acids. 
To free the nitrolignose of residual acid, it was centri- 
fuged, washed for several days in cold running water, 
boiled in a weak solution of sodium carbonate, 
washed in fresh flowing water for 24 hours, and then 
dried. The nitrolignose was then impregnated with 
potassium nitrate and barium nitrate by soaking the 
grains in a hot solution of the salts. The grains were 
then thoroughly dried and screened to remove dust. 
The dust, when mixed with water or gum-water, 
rolled into sheets, compressed, and then made into 
grains, produced a slower burning powder that was 
said to be suitable for use in rifled small-arms. Alt- 
hough not mentioned in the patent, a small quantity 
of paraffin wax was evidently sometimes added. A 
US patent (38,789) was issued to Schultze in 1863, 
followed by a British patent (GB 900) issued to Ern- 
est Dronke in 1864 based on communication with 
Schultze. The results of an analysis of Schultze’s 
powder (Cundill, 1895) are presented below. 
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Ingredient Parts by Weight ® 


a) To the nearest percent. 


b) The varying solubility of nitrocellulose in ether-alcohol 
gives rise to the terms ‘soluble nitrolignose’ and ‘insolu- 
ble nitrolignose’ for that which the degree of nitration is 
approximately 11 to 13% N and that which is greater 
than approximately 13% N, respectively. 


Schultze’s powder burns more slowly than guncotton. 
This allowed Schultze’s powder to be used in 
straight-bore small arms such as shot guns, but it was 
still too fast burning for use in cannon and rifles. 


semi-smokeless powder — Any of several gun 
powders producing significantly less smoke than 
Black Powder. Most notably, these included various 
picrate powders, Schultze’s powder, and derivatives 
of Schultze’s powder such as E.C. powder and col- 
lodin powder (see above). At the time of their intro- 
duction, these low-smoke powders were somewhat 
commonly (and optimistically) described as ‘smoke- 
less powders’. 


serpentine powder — An early type of Black Pow- 
der manufactured without moistening or granulating. 
This powder derived its name from the long, slender- 
barreled cannons of the day, described as ‘serpentines’. 
Serpentine powder was considerably slower-burning 
than modern-day Black Powder, because of its lesser 
degree of incorporation and not being granulated. 


Sharp and Smith’s powder — See above chlorate 
powder. 


single-base powder — See smokeless powder type 
and propellant type. 


smokeless powder — Today, a propellant that burns 
to produce nearly 100% gaseous products. Smokeless 
powders typically consist of nitrocellulose, often with 
nitroglycerin and occasionally other energetic materi- 
als, such as nitroguanidine. Trace components, such as 
at least one stabilizer, are usually also included. In the 
late 19 century, some relatively low-smoke propel- 
lants were somewhat commonly described as smoke- 
less powders (see above, semi-smokeless powder). 


triple-base powder — See smokeless powder type 
and propellant type. 
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Volkmann powder -— See above, collodin powder. 


white powder — (Also Augendre’s powder) — A 
composition based on potassium chlorate that was an- 
ticipated to be an improvement over Black Powder as 
a gun propellant. Initial work to develop potassium 
chlorate-based powders began shortly after its dis- 
covery by French chemist Claude Louis Berthollet 
(1748-1822). (The discovery was published in 1788, 
see potassium chlorate, historical). Berthollet soon 
abandoned his work on chlorate-based powders, con- 
sidering its manufacture too dangerous. Serious re- 
newed efforts to develop potassium chlorate-based 
powders began ca. 1849, when a Frenchman named 
Augendre invented his white powder. Augendre was 
a resident of Constantinople, where he held the posi- 
tion of Assayer to the Mint, but no other details about 
him could be found. 


Its composition (Augendre, 1850) is presented below 
(formulation 1). 


Formulation —|Parts by Weight 
Ingredient | (3) 


a) Potassium ferrocyanide is potassium hexacyano- 
ferrate(Il) trihydrate [KaFe(CN)s6 3H2O] {CAS 14459-95-1}. 


In 1851 Irish chemist and physician Edmund W. Davy 
(1826-1899) independently proposed formulation 2 
(Davy, 1855). Then in 1861, Austrian chemist Josef 
J. Pohl (1825-1900) recommended formulation 3 
(Pohl, 1860), a slight refinement of Augendre’s for- 
mulation. None of these white powders proved to be 
a satisfactory replacement for Black Powder as a pro- 
pellant in weapons, in part because the potassium 
chloride produced as a product of combustion had a 
corrosive effect on the barrels of the guns. 


yellow powder — (Also fulminating powder, Glau- 
ber’s powder, pulvis fulminans or nitrated sulphuret 
of potash) — A powder (light yellow in color) com- 
posed of potassium nitrate, potassium carbonate and 
sulfur, with interesting and unexpected explosive 
properties. A small portion of the powder, when 
heated slowly, first melts and then explodes violently 
producing a very loud noise. 


Early in 19" century, it was hoped that the mixture 
might be an improvement on Black Powder as a 
priming powder for firearms. Yellow powder was de- 
scribed by German-Dutch alchemist and chemist Jo- 
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hann Rudolph Glauber (1604-1670) as long ago as 
1648. 


POWDER X-RAY DIFFRACTION — See X-ray powder 
diffractometry. 


POWER - The time rate of energy production. High 
power may either be produced when a modest amount 
of energy is produced very quickly, when a very large 
amount of energy is produced more slowly, or some 
combination of both. 


For example, burning a pound of wood produces more 
energy than exploding a pound of nitroglycerine. 
Since the reaction of the nitroglycerine is so extraor- 
dinarily more rapid, it is vastly more powerful. 


In explosives: Power is determined by the work done 
during the explosion of a standard quantity of a test 
explosive in a prescribed test. The power of the test 
explosive is usually expressed as a percentage of the 
work done by a standard explosive under the same 
conditions. (See explosive output test). 


POWER DEVICE CARTRIDGE — See cartridge, power 
device. 


POWER-GAS GENERATOR - See gas generator, pyro- 
technic. 


POWER PRANG - See prang. 


ppb — Abbreviation for parts per billion. For example, 
if some substance is present in another material at a 
concentration of 1x10~° part (of the specified sub- 
stance) in one part of the material, the concentration 
of the substance is | ppb. 


PPE — Abbreviation for personal protective equipment. 


ppm — Abbreviation for parts per million. For exam- 
ple, if some substance is present in another material 
at a concentration of 110° part (of the specified 
substance) in one part of the material, the concentra- 
tion of the substance is | ppm. 


PPV — Abbreviation for peak particle velocity. 
PRANDTL TUBE — See Pitot-static tube. 


PRANG (rocketry) — Any of several rocket flight failure 
modes that terminate in a crash. 


If a failed rocket comes down in an aerodynamically 
stable manner and embeds its nose into the ground, it 
may be described as a lawn dart. The cause is almost 
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always a defect in the recovery system, such as an 
excessively tightly-fitted nose cone, a too-tightly 
packed parachute, failure of the ejection charge, or a 
loosely-fitting motor. If the motor is too loose, the 
ejection charge will expel the motor from the rear of 
body tube instead of deploying the parachute. Failure 
an upper stage of a multistage model rocket may also 
result in a prang. 


The damage from a prang ranges from none (other 
than a few grass stains) on lightweight sport models 
to the total destruction of the rocket. 


If a prang occurs while the motor is still burning 
(e.g., a marginally unstable rocket that performs one 
large half loop), it is described as a power prang. 


Possible origin of the term: It has been suggested that 
“‘prang’ may be an acronym for ‘Parachute Recovery 
Apparatus No Good’, supposedly used during the 
postwar military sounding rocket program in the US, 
but this seems no more than creative speculation. 
Even if such an acronym had been in use at that time, 
it was far too late to have been the origin of ‘prang’, 
which was already in widespread use during World 
War II in military aviation circles to describe aircraft 
crashes. The term was first noticed by the Oxford 
English Dictionary in 1941 and was said to have orig- 
inated in the British Royal Air Force, the derivation 
being unknown. It has since been suggested that it 
derives from the Malay word ‘perang’, meaning 
‘war’, but this is implausible. Another suggestion is 
that the word imitated the sound of a crash, but this 
again seems implausible. It is best to accept the orig- 
inal conclusion of the Oxford English Dictionary that 
the origin of ‘prang’ is unknown. 


PRECIPITATED SILICA — See silica, colloidal. 


PRECIPITATION (chemical) — The process by which a 
chemical product (almost always a solid) is formed 
and settles out (almost always from a liquid). 


One type of chemical precipitation is a reaction be- 
tween two (or more) reasonably soluble ionic com- 
pounds in solution, which results in the production of 
some third compound at a concentration above its 
solubility limit. This causes the third compound to 
appear as a solid that typically settles out of solution. 
For example, the reaction between aqueous solutions 
of sodium azide [NaN3] and lead nitrate [Pb(NO3)2]| 
results in the precipitation of lead azide [Pb(N3)2], 
leaving sodium and nitrate ions remaining in solution: 


2.N3 (aq) + Pb2"*(aq) > Pb(N3)a(s) 
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Precipitation can also be induced by a change in solu- 
tion temperature. This is a consequence of solubility 
being a function of temperature. For example, the 
solubility of potassium nitrate at 100 °C is approxi- 
mately 8 times greater than it is at 20 °C. Accordingly, 
if one prepares a saturated solution of potassium ni- 
trate at 100 °C, and then cools that solution to 20 °C, 
7/8 of the potassium nitrate (previously in solution) 
will crystallize (precipitate) from the solution. This is 
the basis for purifying substances by the process de- 
scribed as recrystallization. 


Coprecipitation is a process in which two (or more) 
substances are precipitated simultaneously. Under the 
proper conditions, especially well comingled mix- 
tures can be produced by coprecipitation. Such co- 
precipitated materials, have the potential to exhibit 
particularly high pyrotechnic reaction rates (see co- 
acervation). 


PRECISION (statistics) — A measure of the sameness 
(i.e., repeatability or lack of scatter) of the results of a 
series of measurements or data values. Precision is 
specified as the standard deviation (see statistic) of a 
set of data values. Precision is not to be confused 
with accuracy, which is a measure of the correctness 
of a set of data. Thus, a data set can have both high 
precision and still be grossly inaccurate. 


PRE-COMBUSTION CHAMBER (rocketry) — A chamber 
in which the propellants are ignited and from which 
the burning mixture expands, torch-like to ignite the 
mixture in the main combustion chamber. 


PRE-FIRE TIME — The time interval between the mo- 
ment of ignition of a pyrotechnic device and when the 
device produces its intended effect. For example, the 
pre-fire time for commercial Roman candles can be 
as long as six seconds from fuse ignition to when the 
first star is projected into the air. In a musically- 
choreographed display, knowing the required pre-fire 
time is critical to planning a well-choreographed dis- 
play. (See aerial shell pre-fire time.) 


PREFIX, SI — See SI unit prefix. 
PREGELATINIZED RICE STARCH — See sice starch. 


PRELOAD (fireworks, verb) — To load firework devices 
into fixtures in preparation for use (e.g., loading aerial 
shells into their mortars before the start of a display). 


There is a great reduction in the risk to a manual fir- 
ing crew when the shells have been preloaded. Fewer 
crew members are exposed to the hazards during the 
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display, the hazards are reduced because no shells are 
stored in ready boxes, and no one needs to handle 
those shells, often in the presence of sparks and burn- 
ing debris. In the US, it is a requirement that electri- 
cally-fired displays be preloaded. In some cases, 
shells may have been loaded prior to delivery to the 
actual display site. This is always the case for finale 
boxes and multiple-tube devices and may be the case 
for displays fired from trailers and barges. 


PRELOAD (pyrotechnic special effect, noun) — (Also 


ready-to-go effect) — A fully-completed item supplied 
by a manufacturer in a condition that is ready for use 
in a holder or performance appliance. In a few cases, 
a preload may be supplied without its electric match 
already installed. In those instances, it is necessary 
for the pyrotechnic operator to install the electric 
match, typically by inserting it through a small hole 
in the cap over the end of the preload. 


Common preloads are airbursts, gerbs, comets, 
mines, whistles and flares. For specific information 
about the various types of theatrical preloads, see the 
individual entry for the type of device of interest. An 
example of a small gerb preload is shown below. 


THIS END UP 
INDOOR USE 


MADE BY: LUNA TECH INC, 
148 MOON DRIVE 
OWENS CROSS ROADS, AL 35763 


a 


A preload will include its full charge of pyrotechnic 
composition and usually an electric match, loaded in- 
to a casing including any needed end plugs, chokes or 
other integral components. A cut-away example of 
this gerb is shown below. 


eae okt 


: Pa Sig ide ay, 
4 Composition }f 


Preloads are fully complete and only need to be 
mounted securely for use, as shown below. 
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Here, two gerbs have been mounted behind a cinder 
block as a barricade. It is common to use more es- 
thetically pleasing methods to barricade and conceal 
preloads. 


PREMATURE — An action that occurs before the ex- 
pected time or condition. 


premature firing (explosives) — The detonation of 
an explosive charge before the intended time. 


premature ignition (fireworks) — The firing of an 
aerial shell or other pyrotechnic device before its in- 
tended time. For manually-fired aerial shells, a prem- 
ature ignition is usually caused by burning debris 
within the mortar, sometimes by burning material on 
the ground near the shell leader, or even by burning 
material falling into an open mortar containing an un- 
fired shell. For items such as cakes and set pieces, the 
most common cause of premature ignition is burning 
debris from another functioning device falling on it. 
Covering a device with aluminum foil or canvas tar- 
paulin (the latter of which must be removed before 
firing the device) reduces the likelihood of this type 
of premature ignition. 


Premature ignition of a device to be fired with an 
electric match can be caused by an electrostatic dis- 
charge, either by static charge carried on the body of 
a person or by a nearby lightning strike 


PREMIXED FLAME - See flame type. 


PREMIXED GAS — A mixture of oxidizer gas and fuel 
gas, as provided to a premixed flame. (See flame type 
(premixed flame). 


PRE-OX™ — See fire resistant covering. 


PREPARED BLOOD - [processed biological material] — 
The proteinaceous material obtained by coagulating 
animal blood with a solution of zinc chloride, fol- 
lowed by thorough washing of the precipitate to free it 
from soluble salts. Prepared blood is a now-obsolete 
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pyrotechnic fuel introduced by French pyrotechnist 
Paul Tessier (1816—-unknown). After drying and pul- 
verizing, the product was a pale brown, more or less 
reddish powder, having a faint, characteristic odor. 
When mixed with half its weight of shellac or nut marc, 
it was said to be an excellent pyrotechnic fuel, espe- 
cially for red lances. Two red lance compositions in- 
cluding prepared blood (Tessier, 1859) are presented 
below. 


Formulation — | Parts by Weight 


edient 


PREPOLYMER — Any polymeric material used to pro- 


duce thermosetting polymers through the action of 
cross-linking agents. HTPB (hydroxyl-terminated 
polybutadiene) and PBAN (polybutadiene acryloni- 
trile) are examples of prepolymers used in composite 
rocket propellants. 


PREPPING AREA, PYROTECHNIC — The area at the 


site of intended use, devoted exclusively to complet- 
ing the preparation and assembly of pyrotechnic ma- 
terials. 


In fireworks: The prepping area is where activities 
such as the following occur: aerial shells are inspected, 
needed repairs are made, electric matches are in- 
stalled, and final assembly of firework devices occurs. 
In the US, this area must be at least 50 feet (17 m) 
from where the main supply of fireworks is stored 
and 100 feet (33 m) from areas open to the public. 


In proximate audience pyrotechnics: The prepping 
area is that location set aside specifically for the 


preparation of proximate audience pyrotechnics for 
use in a rehearsal or performance. In the US, the 
prepping area must be exclusively for the use of the 
pyrotechnic crew and must be capable of being se- 
cured by locking. 


In rocketry: The prepping area is that area specifically 
designated by the range safety officer where high- 
power rockets and high-power rocket motors are pre- 
pared for launching. 


PRESS — A piece of equipment often used to compact a 


pyrotechnic composition, or the clay of an end plug, 
often inside a tube or mold of some type. The press 
may produce its compressive force mechanically, hy- 
draulically or pneumatically. For reasons of safety 
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and consistency of performance, the use of a press is 
preferred to hand ramming a pyrotechnic composi- 
tion with a mallet (as was common in the past). Be- 
cause the burn rate depends upon the degree of com- 
paction, it is important to be able to control both the 
applied force and the dwell time. 


Simple mechanical and pneumatic presses, such as 
those shown below, are effective in producing forces 
up to approximately 2000 Ibr (9000 N). 


When a greater degree of compaction is required, a 
hydraulic press such as that shown below is required. 
It is common for such presses to be capable of pro- 
ducing forces of 100,000 Ibr (433,000 N) or more. 
Commercial presses are frequently rated in tons. 
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PRESS CAKE — See Black Powder manufacturing. 
PRESSED COMET — See comet type (pumped comet). 


PRESSED STAR — See star (fireworks) and star manu- 
facturing (fireworks) (pressed star). 


PRESSURE -— (Symbol: P) — In a fluid, the force per 
unit area exerted by the fluid either normal (i.e., per- 
pendicular) to a boundary or normal to another section 
of the fluid. Unless otherwise specified, pressure is the 
absolute pressure as opposed to some relative pres- 
sure, such as may be described as gauge pressure. 
Between two solids, pressure is usually taken to mean 
the force per contact area (see /oading pressure). 


PRESSURE ALTIMETER — See altimeter. 


PRESSURE BROADENING - The process in which the 
width of the spectral lines in an emission spectrum of 
a radiating gas or plasma are increased due to pertur- 
bations of the energy states by collisions with other 
molecules or atoms. The extent of this /ine-broadening 
effect is directly proportional to the number of colli- 
sions per unit time and, hence, is proportional to the 
temperature and density of the medium and thus to its 
pressure. (See quantum theory.) 


PRESSURE BURST — See explosion type, basic (me- 
chanical explosion). 


PRESSURE CARTRIDGE -— A pyrotechnic or explosive 
device for producing pressurized gas. 


PRESSURE, CENTER OF — See center of pressure. 
PRESSURE COEFFICIENT — See Vieille equation. 
PRESSURE DRAG - See drag force. 


PRESSURE-DRIVEN BURNING — See burn type, pyro- 
technic (propagative burning). 


PRESSURE EXPANSION RATIO — The ratio of rocket 
motor chamber pressure to nozzle exit pressure. 


PRESSURE EXPONENT — See Vieille equation. 
PRESSURE GAUGE - An instrument providing a 


means to measure an imparted pressure. Two simple 
examples of pressure gauges are shown below. 
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These gauges are useful for such tasks as monitoring 
the hydraulic pressure used in a press or the pressure 
being maintained in a strand burner while determining 
the burn rate of a propellant grain. If properly config- 
ured, this type of instrument can also be used as a 
force gauge, useful in the controlled compaction of 
pyrotechnic powders. 


Another simple pressure gauge is a type of air-blast 
gauge described as a Bikini gauge, developed for use 
in atomic bomb testing in the South Pacific and 
shown below. This gauge operates passively, being 
set to face the source of the blast, where the blast will 
tear the paper (in a characteristic manner) in the vari- 
ous holes depending on the strength of the blast wave. 


When active recording of pressure events is neces- 
sary, typically a pressure transducer will be used. 


PRESSURE IMPULSE -— See impulse. 
PRESSURE LAW - See gas law. 


PRESSURE OF COMBUSTION and PRESSURE OF 
EXPLOSION — The maximum static pressure pro- 
duced when a given weight of high explosive or pro- 
pellant is burned (without detonating) in a closed 
vessel of given volume. 


PRESSURE, ROCKET MOTOR CHAMBER - See rocket 
motor chamber pressure. 


PRESSURE SENSITIVITY — See Vieille equation. 


Encyclopedic Dictionary of Pyrotechnics 


PRESSURE, STAGNATION — (Also dynamic pressure) 
— The pressure existing at a point in a fluid (e.g., gas) 
flow where the flow velocity has been reduced to zero 
because it has impinged upon a solid body or has 
been converted to pressure as happens at the end of a 
Pitot tube. (See stagnation point.) 


PRESSURE, STANDARD - The pressure of one stand- 
ard atmosphere, namely 1013.2 millibars or 760 mm 
of mercury. (See standard temperature and pressure.) 


PRESSURE, STATIC — The pressure existing in an un- 
disturbed fluid flow. In addition to being used with 
stagnation pressure to determine airspeed (see pitot- 
static tube), static pressure is used to determine alti- 
tude and the rate of change of altitude. 


PRESSURE THRUST (rocketry) — One of two compo- 
nents of the thrust produced by a rocket motor. A 
rocket’s thrust (F) is defined as: 


F=tn-v+(R-P)A 


Here, m is propellant mass flow and v is exhaust ve- 
locity relative to the rocket. The first term in this 
equation (m-v) may be described as momentum 
thrust. The second term, [(P. — Pa)A:] is known as 
pressure thrust, where P. is nozzle exit pressure, P. is 
local atmospheric pressure and 4; is nozzle throat area. 


PRESSURE TRANSDUCER -— An instrument that pro- 
duces an output (typically electrical) resulting from 
(and usually proportional to) an imparted pressure. 
Some simple pressure gauges may qualify as exam- 
ples of pressure transducers. Such gauges do not usu- 
ally provide a record of the pressures, and they have a 
relatively slow response time. These shortcomings 
make these gauges unsuitable for many applications 
in pyrotechnics. For example, a pressure profile (pres- 
sure vs. time) of the blast pressure wave produced by 
an explosion is presented below. This event occurred 
over a time span of less than one millisecond. 


Over Pressure 


For such a short duration event, it is necessary to 
produce automatically recorded results from an in- 
strument with an extremely fast response time. Pie- 
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zoelectric transducers for pressure measurement are 
well suited for such applications. The transducer, a 
free-field blast gauge, used to record the above pres- 
sure profile, is shown below. The numerical data were 
recorded by a digital oscilloscope. 


The unit is used by pointing it at the source of the blast 
(the red arrow is pointing to the actual piezoelectric 
pressure transducer mounted into the side of the unit). 


Examples of piezoelectric pressure transducers that 
are used more like a conventional dial pressure gauge 
are shown below. The upper gauge reads to 100 psi 
(689 kPa), while the lower gauge reads to 100,000 psi 
(689 MPa). For both transducers, the electrical con- 
nection is on the left end and the pressure is sensed at 
the end to right. 


As part of a study of various proximate-audience 
concussion powders, the pressures produced inside 
standard concussion mortars were measured using the 
high-pressure transducer shown above. In a few tri- 
als, extremely short duration and extremely high- 
pressure events were recorded. In the example pre- 
sented below, the spike had a duration of less than 50 
microseconds during which the pressure rose to near- 
ly 100,000 psi (690 MPa). 


90000 
60000 


30000 


Pressure (psi) 


0.0 0.5 1.0 slFs: 2.0 
Time (ms) 


Piezoelectric pressure transducers are well suited for 
transient phenomena but not for measuring nearly 
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constant pressures. In that case, transducers based on 
strain gauges are a better choice. 


PRESSURE WAVE — See compression wave. 


PRESSURIZED-GAS FLAME EFFECT — See flame ef- 
fect (non-pyrotechnic flame effect). 


PRESSURIZED-LIQUID MODEL ROCKET MOTOR — 
See model rocket motor, pressurized-liquid. 


PRESSURIZED-WATER EXTINGUISHER — Sce fire 
extinguisher type (water extinguisher). 


PRILL — A roughly spherical particle that usually has 
substantial internal porosity. The typical method of 
production is to spray a very concentrated aqueous so- 
lution of the material into an upward stream of heated 
air. As the particles fall downward through the moving 
column of air, the solvent evaporates to leave the prills. 
Anexample of potassium nitrate prills is shown below. 


| | 


Materials are often prilled to reduce the tendency for 
them to cake during storage and to reduce the produc- 
tion of airborne dusts during handling. Fertilizer 
grade potassium nitrate, such as may be used com- 
mercially in the manufacture of pyrotechnics, is 
commonly prilled. 


In blasting: Ammonium nitrate is commonly made into 
special prills for blasting. These prills are highly po- 
rous and are capable of efficiently absorbing more than 
6% by weight of fuel oil. Such blasting prills have a 
bulk density of 800 to 850 kg/m’. In contrast, agricul- 
tural grade ammonium nitrate prills have significantly 
lower porosity and thus a higher bulk density. 


PRIMACORD™- A trade name for a type of detonating 
cord. 


PRIMARY COLOR - See color, primary. 


PRIMARY EXPLOSIVE and PRIMARY HIGH EXPLO- 
SIVE — See high explosive. 


PRIMARY FRAGMENT -— See fragmentation. 
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PRIMARY FLAME -— See exhaust plume, rocket. 
PRIMARY STANDARD ~— See calibration standard. 


PRIME (noun) — (Also first fire) — A readily-ignitable 
pyrotechnic composition used in or applied to a pyro- 
technic device or component to help ensure its suc- 
cessful ignition. Two examples of primed items are 
illustrated below in cross section. 


: Prime Layer 
Primed 
Star Cut Star 
Clay 
First Fire 
Primed (Prime) 
Gerb 


Gerb 
Composition 


Casing 


An ideal prime composition should: 1) be easily ig- 
nited by a modest application of thermal energy, 2) 
have high reaction temperatures, 3) produce a molten, 
hot residue or slag that remains at the site of burning 
to transfer heat to the composition to be ignited, 4) 
not burn too quickly and 5) not produce gaseous 
products that would disperse the generated heat. 


Black Powder and similar compositions have good 
fire-transferring properties and are often used in 
prime compositions. When needed, Black Powder 
can be made even more effective by including ele- 
mental silicon powder, which increases the thermal 
energy produced and improves heat transfer from the 
high temperature molten glass [SiO2] produced as it 
burns. Iron oxides, calcium silicide, barium chromate, 
boron, and barium peroxide have also been used as 
ingredients in prime compositions. 


A range of prime application techniques are used to 
coat the surfaces to be primed, depending on the na- 
ture and quantity of items needing priming. 


In fireworks: The preferred prime is often a slurry of 


Black Powder or similar composition, a binder and 
water (or other solvent). When necessary, other prime 
compositions are also used. 


In military pyrotechnics: It is common for primes used 
in military pyrotechnics to contain more ingredients 
than is typical for primes intended for civilian items. 
It is also somewhat common to describe these prime 


compositions as first-fire compositions, or as ignition 


or starter mixtures. 


Encyclopedic Dictionary of Pyrotechnics 


PRIME (verb) — To apply a pyrotechnic ignition com- 


position to a surface of a pyrotechnic charge to help 
ensure its ignition. 


PRIME APPLICATION TECHNIQUE — There are four 


common ways to apply a coat of prime composition 
to the surface of a pyrotechnic composition: prime 
dusting, prime layering, slurry priming and plastic- 
flow prime binding. These are described below. 


prime dusting — Often, especially in fireworks, the 
main pyrotechnic composition is prepared wet, using 
a solvent (often water) to activate its binder. If the 
same solvent will also dissolve the binder present in 
the prime composition, the simplest method of appli- 
cation is to apply a layer of loose, dry prime compo- 
sition to the exposed damp surfaces of the main com- 
position. Some of the solvent will then migrate from 
the main composition into the prime composition, 
thus activating the binder in the prime composition. 
When the item dries, some prime will be bound to the 
surface of the main composition. 


The dusting process can be more thoroughly de- 
scribed by using an example of cut firework stars. 
Cut stars are often prepared by first forming amply- 
moistened star composition into a firm block of hand- 
compacted composition, described as a loaf. This loaf 
is then cut using the equivalent of a dull knife, first 
into slices, and then each slice is diced into cubes. 


To apply the prime to cut stars, the work surface is 
first dusted with a thin layer of prime composition. 
Then, as a slice of the star composition is cut from 
the loaf, it is allowed to fall over onto the loose prime 
composition, some of which will stick to its moist 
surface. Additional prime composition is then dusted 
onto the top surface of the slice, to which some addi- 
tional prime composition will adhere. After dicing 
the slice of star composition into cubes, to the extent 
practical, prime composition is dusted onto the fresh- 
ly exposed surfaces of the cubes. 


Using the dusting method to prime pyrotechnic com- 
positions is fairly simple and, provided the star com- 
position is amply moistened and an ample amount of 
prime composition has been used, has the advantage 
of producing a primed surface that takes fire readily. 
This is because the outermost surface of prime is 
relatively loose, rough-textured and free from any 
significant buildup of binder (discussed further be- 
low). Dusting has the disadvantage that only a com- 
paratively small amount of prime sticks to the surfac- 
es; for most items this is probably only a few percent 
by weight. Another problem is that some (or much) 
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of the dusted-on prime composition can easily be re- 
moved with rough handling. 


prime layering — Some pyrotechnic items, such as 
color-changing firework stars, are made with a series 
of layers, somewhat like the structure of an onion. In 
Western countries the layering is commonly produced 
by alternating the application of a spray of water (or 
other solvent) and dry pyrotechnic composition. The 
spray of water causes the surface of the item to be- 
come sticky, providing a ready surface for the dry 
prime composition to adhere. For such items, probably 
the most effective method of applying the final prime 
coating is simply to conclude the cumulative layering 
process with one or more layers of prime composition. 
An example of a primed 
star is shown at the right 
in cross section, where A is 
star composition and B is 
the layer of prime. 


This method of prime application allows the use of 
more than one type of prime on the same item. For 
example, an especially effective prime may be ap- 
plied between the layers of color composition when 
needed to assist the transition to a difficult-to-ignite 
star composition. Similarly, a special dark prime (i.e., 
color-change relay) can be used between the color 
compositions of a color-changing star (shown below 
in cross section) to improve the visual appearance of 
the color change(s). 


ane 
Say Color-Change 
Relay 
(Thickness 
Exaggerated) 


The use of a layering process has the advantage of al- 
lowing any number of layers of prime to be applied 
(i.e., any amount of prime can be applied). This can 
be quite important in some situations, for example, 
when difficult-to-ignite and easily-extinguished fire- 
work stars are propelled from a hard-breaking aerial 
shell. To maintain their burning, there must be enough 
prime to continue burning until the stars have slowed 
sufficiently for the star composition itself to remain 
ignited. In these cases, the outer prime layer may often 
be 10 to 20% of the weight , 
of the star. An example of ©) { 

a heavily-primed star is (Cc) 
shown at the right in cross 
section, where A is star 
composition and B is a 


KAY 
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thick, outer layer of prime and C is a second, inner 
layer of prime. 


For easy ignition of the prime composition applied by 
layering, it is important that the very last application 
of dry composition be in excess of what would nor- 
mally adhere to the surface. This will help produce an 
outer surface that is rough-textured and mostly free 
of solvated binder. 


slurry priming — For small, completed items and 
especially for fuses, slurry priming is often used. In 
this case, sufficient binder solvent is added to the 
prime composition to make a paste or slurry. The vis- 
cosity of the slurry is controlled by the amount of 
solvent and the choice of binder (and possibly a vis- 
cosity control agent such as_ carboxymethyl- 
cellulose). 


The viscosity is adjusted to meet the needs of the par- 
ticular application method, which falls into three sub- 
categories. In many cases, the prime slurry is simply 
applied by painting with a small brush. Another 
common method employs a closed container under 
modest pressure, for example, a squeeze bottle such 
as used for food products like mustard or catsup. This 
has the advantage of allowing the application of a 
thicker coating of prime than is practical by painting 
with a brush. A third slurry application method is 
sometimes used to completely coat the surface of the 
item or device to be primed. In this case, the item is 
briefly submerged in the prime slurry, either individ- 
ually or more commonly in batches, using a coarse- 
screened basket (something like a French-fry basket) 
to hold the items to be primed. Following the dipping 
process, to help keep the slurry primed items from 
sticking together, it is common to dust an additional 
layer of dry prime composition onto the surfaces of 
the items. 


plastic-flow prime binding — Many pyrotechnic 
devices have the main pyrotechnic composition 
forcefully compacted using a mechanical press, for 
example, signal flares, tracers, fountains and drivers. 
For these items, it is often convenient to apply the 
prime layer using strong compaction (described as 
plastic-flow binding). Usually, one or more incre- 
ments of prime composition are used in pressing the 
item, such as illustrated below in cross section for an 
aerial flare and a firework gerb. 


Encyclopedic Dictionary of Pyrotechnics 


Prime Layer 
Casing 


Flare 
Composition 


Clay Choke 


Prime Layer 


Gerb 
Composition 


Gerb Casing 


During compaction, one or more of the solid compo- 
nents in the prime composition yield (i.e., flow) un- 
der the high local pressure being applied. This acts 
both to lock the components of the prime composi- 
tion together, and to the item being primed, as a sin- 
gle solid mass. For pyrotechnic devices made using 
mechanical compaction, this is one of the most fre- 
quently used prime application methods. 


alternatives to priming — Other methods to en- 
hance successful ignition can sometimes be equally 
or even more effective than priming. An example is 
cross matching a time fuse to provide for highly reli- 
able ignition. In cross matching, a short length of 
black match is threaded through a hole or slit made in 
a Bickford-style time fuse (illustrated below). 


Hole for 


Cross matching with some types of igniter cord has 
occasionally been used, but too often the reliability is 
less than acceptable. One problem is that the plastic 
covering on some igniter cords reduces the probability 
of igniting the cord. Another problem is that the iron 
wire used in some igniter cords can rust on exposure 
to moist air, and this can cause attraction of more wa- 
ter from the air. (Rusting involves the production of 
some iron(III) hydroxide, which is hygroscopic.) 


Another method can be used when the main pyro- 
technic composition has the same or similar ignition 
and propagation characteristics as a prime composi- 
tion. In that case, little further improvement in ignita- 
bility is achieved by priming. An example is a comet 
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composition consisting of approximately 90% rough 
Black Powder and 10% spark producing ingredient 
(e.g., titanium or charcoal granules). An exception to 
this can be when such an item is pressed with great 
force, which can make even a Black-Powder-like 
composition difficult to ignite. 


Finally, a box star (upper illustration below in cross 
section) or other items such as a comet (lower illus- 
tration) with a burn cavity into or through it will un- 
dergo fierce erosive burning in those cavities. Once 
ignited, these items are almost impossible to extin- 
guish, thus there is little additional benefit achieved 
by conventional priming. 


Paper Casing 


REESE ORE OSTA OE = 
Ce «Star Composition 
i BR an Sie 

oA sonteans 


Cavity 
PRIME BINDER SKIN — See prime ignitability. 


PRIME BINDING, PLASTIC-FLOW — See prime appli- 
cation technique. 


PRIME COMPOSITION — A pyrotechnic mixture used 
to increase the probability of successful ignition of 
the main charge of composition or an explosive com- 
position used in small-arms primers. 


In fireworks: A collection of prime formulations used 
in fireworks is presented below. Formulation 1 is 
simply hand-made meal powder with a binder. For- 
mulation 2 is the same as the first but enhanced with 
added silicon. The silicon is a high-energy fuel and 
forms molten glass as it burns, both of which increase 
its igniting capability. Formulation 3 is based on po- 
tassium perchlorate and is used on compositions that 
are incompatible with potassium nitrate, such as 
compositions containing ammonium perchlorate. 
Formulation 4 is the same as formulation 3 but with 
potassium dichromate added, which improves ignita- 
bility and increases burning speed. Formulation 5 
(Shimizu, 1981) is a type of color-change relay (i.e., 
dark prime) that emits a relatively low level of light, 
such as typically used between the color composi- 
tions in a color-changing star. 
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Formulation > Parts by Weight 
nese) 
75|—|—|79 


Potassium nitrate 75 


Antimony(lll) sulfide 
Binder 


a) There are health hazards associated with the use of po- 
tassium dichromate. 

Typically, water bound, using 5% dextrin or by mixing 
with nitrocellulose lacquer for non-aqueous binding with 
a shorter drying time. 

Typically, water bound, using 5% dextrin or by wetting 
with alcohol to solvate the red gum as the binder. 
Typically, water bound, using 5% soluble glutinous rice 
starch but dextrin may be substituted. 


jog 
aS 
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For pyrotechnic items that are more difficult to ignite, 
such as strobe stars, an especially-thick layer of typi- 
cal firework prime can be used. Other solutions in- 
clude using a military prime composition (below) or 
to physically modify the surface to be ignited by add- 
ing grooves, etc. 


In military pyrotechnics: The military uses a wide va- 
riety of priming compositions, often described as a 
starter mixture, ignition mixture or first fire. A few of 
these formulations (Ellern, 1968) are presented be- 
low. Formulation 6 is a starter mixture for smoke 
compositions. Formulation 7 is a first fire for flares. 
Formulation 8 is a prime for tracer compositions. 
Formulation 9 is an ignition mixture for thermite. 


Formulation —| Parts by Weight @) 
celles) 
54; —| — | — 


Potassium nitrate 


a) Weights given to the nearest 1%. 
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b) See Ellern 1968 for detailed specifications of the chem- 
ical ingredients used in these formulations. There are 
health hazards associated with the use of ammonium 
dichromate. 


c) Bound using nitrocellulose lacquer. 
d) Bound by solvating the nitrocellulose. 


e) Bound using the asphaltum with plastic-flow binding 
under pressure. 


Some prime compositions are described as gasless 
(i.e., producing no gaseous products), although very 
low gas would often be more accurate. Three exam- 
ples of gasless primes are presented below. Formula- 
tions 10 is also used as a delay composition, and for- 
mulation 12 was developed to ignite the composition 
used in self-heating food cans. 


Formulation | Parts by Weight 
Ingredient | (10) | (11) | (12) 
90 | — — 


Barium chromate 


Kaolin (China clay) | — | — | 8 


Binder 


a) Nitrocellulose. 

b) Pressed-on (plastic-flow) binding. 

c) Unspecified. 

10 and 11) Ellern, 1968. 12) McClain, 1980. 


Primes containing less common ingredients: Some 
prime compositions include an ingredient or a com- 


bination of ingredients that are somewhat unusual, to 
give the prime specific properties that are needed for 
a particular application. Five examples of such prime 
formulations are presented below without further 
comment. 


Formulation — Parts by Weight 
Ingredient | (13)}(14)} (15) | (16) | (17) 
Le 
Iron 
u 


Titanium powder 
Zirconium 
7 sera a a ge ee (| 
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13) Winokur, 1978. 14) Ellern, 1968. 
15 and 16) McLain, 1980. 17) Kosanke, 2004. 


PRIMED — Refers to a high explosive charge or pyro- 
technic device prepared for initiation or ignition, re- 
spectively. 


In fireworks: Primed typically refers to a fuse or other 
device prepared with a coating of prime composition. 
(See prime application technique.) 


In blasting: Primed typically refers to a cartridge or 
booster ready for firing (i.e., with an attached or con- 
tained detonator). Such a cartridge or booster would 
then be described as a primed charge, primed car- 
tridge or primed booster. A blast hole loaded with its 
main charge and with a detonator in it would be de- 
scribed as a primed hole. 


PRIME, DARK — See color-change relay. 
PRIMED CAMBRIC — See cambric. 
PRIME DUSTING — See prime application technique. 


PRIME IGNITABILITY — The ease or feasibility of ig- 
niting a prime composition. 


Several factors affect prime ignitability. For example, 
consider the two firework aerial shells with their 
primed Bickford-style time fuses shown below. 
These demonstrate some of the factors that affect the 
likelihood of successful ignition of the prime and 
thus of the aerial shell’s time fuse. The shell in the 
upper photograph has a layer of prime painted over 
the end of the fuse. The shell in the lower photograph 
has a much larger amount of prime that was applied 
using a squeeze bottle (see prime application tech- 
nique); the prime was then lightly pressed into a bed 
of loose, granular Black Powder, some of which has 
adhered to the surface of the prime. 
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The shell in the lower photograph has far greater 
prime ignitability than the shell in the upper photo- 
graph, even though the same composition (i.e., Black 
Powder) was used to prime each shell. Two factors 
are responsible for this difference: the surface area 
and the surface texture of the prime. 


Prime surface area: If any portion of the prime is ig- 
nited, then all the prime will soon ignite, and thus the 
fuse or device to which the prime has been applied 
will be successfully ignited. All else being equal, the 
larger the area that is primed, the greater the chance 
that some portion of it will be ignited successfully by 
any given ignition stimulus. The reason is simply one 
of probability; if all locations on the primed surface 
have an equal chance of being successfully ignited, 
the probability of ignition increases as the number of 
locations (1.e., the surface area) increase. In the upper 
photograph, the total prime surface area is quite 
small, while the total prime surface area in the lower 
photograph has many times more primed surface ar- 
ea. As a result, all else being equal, the ignition fail- 
ure rate of aerial shells primed as shown in the lower 
photograph will be much smaller than that of shells 
primed as shown in the upper photograph. 


Prime surface texture: The surface texture of the 
prime coating can be at least as important as the size 
of the primed area. If the surface is smooth and hard, 
such as the surface of the prime layer in the upper 
photograph (above), ignition will be much less likely 
than if the surface is rough, such as the surface the 
prime layer in the lower photograph. With a rough 
surface, the total surface area is greatly increased; 
furthermore, the tiny exposed points of the prime 
coating will heat more quickly and to higher tempera- 
tures than the bulk of the prime coating. Accordingly, 
these points are more likely to take fire and then 
cause the rest of the prime to ignite, even when the 
amount of energy supplied (i.e., the ignition stimulus) 
might not otherwise have been sufficient. 
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To demonstrate the per- 
formance difference be- 
tween the two types of 
primed surfaces as shown 
above on the two shells, 
the ends of two small 
wooden sticks (pop or pop- 
sicle sticks) were coated 
heavily in prime (shown at 
the right). In this instance, 
the prime consisted of Black Powder bound with nitro- 
cellulose lacquer. The priming on one primed stick 
was augmented with a light covering of fine-granular 
Black Powder (not clearly shown on the upper of the 
two sticks). 


The differences in ignitability are shown in the fol- 
lowing photographs. First, the stick augmented with 
Black Powder is shown below (left image, A) as it is 
about to be passed through the flame (B) of a propane 
torch. Just as the stick entered the flame, it instantly 
ignited in a flash of fire (the point of maximum out- 
put, center image), which mostly overwhelmed the 
camera. Then, within less than 0.5 second the prime 
was totally consumed (right). 


In contrast, the stick with only a coating of prime 
composition (i.e., not augmented with granular Black 
Powder) was passed through the same torch flame 
five times without igniting (shown below, left). On 
the sixth pass it did ignite (the point of maximum 
output, center image) producing modest fire, which 
persisted for approximately 5 seconds (right). 


Another factor that can affect prime ignitability is the 
formation of what is referred to as prime binder skin, 
discussed below. 
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Prime binder skin: A potentially important prime sur- 
face problem for compositions applied wet (1.e., using 
a solvent), in which a thin layer of binder forms on 
the surface of the prime during the drying process. 
This can occur because, as the solvent migrates to the 
surface, it carries some of the dissolved binder with it. 
Then, as the solvent evaporates from the surface of the 
item, the binder (and possibly other readily soluble 
components) may be left behind on or near the sur- 
face of the prime, as illustrated below. 


, Solvent 
Binder in Evaporates 
Solution from Surface . 

Smooth Skin, 


This binder-rich layer (or skin) can produce a surface 
that has an extremely binder-rich chemical composi- 
tion, which can also be quite smooth. The likelihood of 
this problem can be reduced if only a minimum amount 
of solvent is used, and if the still-wet prime surface is 
dusted with dry prime composition or granular Black 
Powder. The tendency for the formation of a skin on 
the surface of drying composition has been demon- 
strated to occur with firework stars, as shown below. 


re FF = 


Mostly Binder 


In this example, a test star was formed from only po- 
tassium perchlorate and dextrin (both white pow- 
ders); it was dampened with a water-containing red 
food coloring. After drying, the star was broken in 
two and was photographed through a microscope. To 
visually enhance the skin effect, large amounts of 
solvent and binder were used to make the star, (20% 
water and 10% dextrin). It is obvious that the red col- 
oring (and with it, dextrin) has migrated to the star’s 
surface (to the right), where it accumulated as the 
solvent evaporated. 


A somewhat related problem can occur when an item 
is force-dried, such as by drying in hot, direct sun- 
light or at high temperatures. On such occasions, it is 
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possible for a vapor-tight layer (skin) to form on the 
surface of the item. When this happens, drying can be 
slowed substantially. The result is that the total dry- 
ing time is many times greater than had the item been 
dried under less extreme conditions. When drying 
times are especially long, there is also an increased 
potential for adverse chemical reactions, including 
spontaneous ignition, to occur within the composi- 
tions being dried. The sealing-in of water (or other 
solvent) by a relatively impervious layer, is some- 
times described as the water being ‘driven in’. 


PRIME LAYERING — See prime application technique. 
PRIMER (explosive) — See booster, explosive. 


PRIMER COMPOSITION — See primer, small-arms and 
percussion composition. 


PRIMER CORD - See detonating cord. 


PRIMER, EXPLOSIVE — As defined by the UN, the 
term applies to a detonator, but not to a booster. Fur- 
ther, if a booster or cartridge contains a detonator, it 
should be referred to as a primed booster or primed 
cartridge. In the US blasting industry, it is still 
somewhat common to refer to a booster charge as an 
explosive primer. 


PRIMER GUNSHOT RESIDUE DETECTION — See 
gunshot residue detection. 


PRIMER, SMALL-ARMS — Small, metallic cups loaded 
with a very small amount of explosive composition 
that is used to initiate the burning of the propellant in 
ammunition for small arms (pistols, rifles and shot 
guns). These devices are also used to ignite a wide 
range of other pyrotechnic devices and propellant- 
actuated devices. 


Small-arms primers are percussion-activated devices 
that function by the impact of a firing pin (or equiva- 
lent). When the firing pin forcefully strikes the outside 
of the bottom of the cup, the primer composition is 
initiated as a result of some of it being pinched be- 
tween the cup and an anvil of some sort. The products 
of the chemical reaction are directed into the propel- 
lant charge or pyrotechnic composition, which is in so 
doing ignited to expel the ammunition’s projectile(s) 
or to perform some other function. The primer’s reac- 
tion products consist of flame and incendive particles. 


Small-arms primer composition: Some of the earliest 
primer compositions used in the early-19" century are 


presented below (Bydal, 1990). Often these mixtures 
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contained potassium chlorate (formulations 1 and 2). 
These compositions were sometimes further sensitized 
by including mercury(II) fulminate and/or antimo- 
ny(III) sulfide (formulation 3). By the early-20" cen- 
tury, a serious effort was being made to eliminate mer- 
cury(II) fulminate, because of its instability on storage 
and a tendency to make brass shell casings brittle. Such 
research resulted in, for example, formulation 4. 


Formulation — | Parts by Weight 
Ingredient | 3 


a) Rounded to the nearest 1%. 


Attempts were also being made to eliminate potassium 
chlorate, which produces corrosive combustion prod- 
ucts. An early example of these so-described non- 
corrosive, non-mercuric (NCNM) primer composi- 
tions dating to the mid-20" century and the forerun- 
ner of modern primer compositions is presented be- 
low (formulation 5). Primer formulations 6 and 7 are 
reasonably typical of modern formulations used in 
the US and UK, respectively. 


5) Bydal, 1990. 6 and 7) Wallace, 1990. 


Small-arms primer types: An early small-arms primer, 
the percussion cap, was introduced subsequent to the 
matchlock and flint-lock ignition systems. Either Ber- 
dan or Boxer primers are commonly used in fixed 
ammunition for modern small arms. Primers for 
shotgun ammunition are almost universally battery 
cup primers. All four of these types of primers, as 
well as rim-fire primers, are discussed below. 
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Percussion Cap 
Gun Chamber 


Hammer | 


Nipple Cylinder 


Primer Composition 


percussion cap — A type of primer embodying 
techniques patented in 1807 by Scottish clergyman 
Rev. Alexander Forsyth (1769-1843) and commonly 
used in antique small arms. It commonly consists of a 
small but relatively deep brass cup, loaded with a rel- 
atively thin layer of primer composition and covered 
with metal foil or paper, as shown below in three views. 


The percussion cap is used by slipping it over a pro- 
trusion (nipple) on the rear of the firearm’s combus- 
tion chamber. When the percussion cap is struck by 
the hammer of the firing mechanism the primer com- 
position is forcefully crushed between the bottom of 
the percussion cap and the nipple, and it ignites. This 
produces a jet of burning combustion products that 
sprays through a small hole into the combustion 
chamber, where it ignites the propellant charge, as il- 
lustrated farther below in cross section. 


The introduction of percussion caps greatly improved 
the reliability of small arms, compared with earlier 
methods (1.e., the matchlock and flint-lock ignition 
systems), but did relatively little to decrease the time 
taken to actually fire a weapon. An attempt to in- 
crease the firing rate of small arms was the Maynard 
tape primer system, dating to 1845. 


Berdan primer — A primer design typically used in 
pistol and rifle ammunition, patented in 1866 by Hi- 
ram Berdan (1824—1893), a US military officer. Ber- 
dan primers are essentially a derivative of the earlier 
percussion cap, but it is preinstalled into the rear of 
an individual cartridge casing. 


The Berdan primer commonly consists of a small 
brass cup that is loaded with a pellet of priming com- 
position. A small anvil, which is an integral part of the 
cartridge case (as opposed to being part of the primer), 
allows the primer composition to be crushed between 
the anvil and back of the primer cup when struck by 
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the firing pin. The cartridge case has two or more 
flash holes to allow the passage of the primer reaction 
products into the cartridge case to ignite the propel- 
lant, as illustrated below in cross section. 

Firing Pin 
Primer 


Cartridge Casing 


Jets of Fire 
Cartridge Anvil 
Primer Composition 


Curiously, even though the Berdan primer was in- 
vented in the US, it is not commonly used in that 
country. 


Boxer primer — A primer design typically used in 
pistol and rifle ammunition, patented in 1866 by Ed- 
ward Mounier Boxer (1822-1898) of the Royal Ar- 
senal in the UK. The Boxer primer is a modification 
of the Berdan primer, in which a two or three-legged 
anvil is assembled into the primer cup, as shown be- 
low in three views. 


The cartridge case has a single, central flash hole to 
allow the passage of the primer reaction products into 
the case to ignite the propellant upon ignition of the 
primer by the impact of a firing pin, as illustrated be- 
low in cross section. 
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Firing Pin 
Primer 
in Cartridge Casing 


Jet of Fire 
Anvil 
Primer Composition 


Curiously, the Boxer primer, invented in the UK, cur- 
rently is not commonly used outside the US. 


battery cup primer — A primer typically used for 
shot-shell ammunition. It commonly contains a Ber- 
dan primer (or rarely a Boxer primer) pressed into its 
slightly larger completed unit. A type of battery-cup 
primer, incorporating a Berdan primer, is shown in 
three views and illustrated below in cross section. 


Ser ree 


Firing Pin 
Primer 
Cartridge Casing 


Jet of Fire 
Primer Composition 


rim-fire primer — A type of firearm cartridge with 
the primer built into the base of the cartridge case. It 
is described as rim fire because the firing pin strikes 
the rim of the base of the cartridge case, collapsing it 
to pinch and ignite the primer composition at that 
point. Very quickly, the entire ring of primer compo- 
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sition around the rim will be ignited, as illustrated be- 
low in cross section. 


i Firing Pin 
Ee Cartridge Casing 


—> 


ad 


Jets of Fire 
Primer Composition 


The idea of placing a priming compound in the rim of 
the cartridge evolved from an 1831 patent for a car- 
tridge that had a thin case, coated all along the inside 
with priming composition. By 1845, this had evolved 
into the Flobert .22 caliber BB cap that distributed the 
priming compound just inside the rim. This in turn led 
to the development of the larger .22-caliber cartridges. 


Because the rim of the cartridge is damaged when it 
is fired and because there is no ready way to clean 
and replace the primer composition, this type of car- 
tridge cannot be reloaded. They are typically less ex- 
pensive than center-fire cartridges. 


PRIMING (noun) — Essentially a synonym for prime. 


PRIMING (verb) — Any process performed to help en- 


sure the ignition of a pyrotechnic composition or the 
initiation of a high explosive. 


In fireworks: Priming usually consists of applying a 
slurry of wet composition to a fuse or surface that 
will take fire from a source such as lift charge or 
break charge. Effective priming often depends on the 
prime having a rough surface that produces an in- 
crease in surface area. To achieve this, wet composi- 
tions may be pressed into granular Black Powder to 
achieve a rough granular surface. Examples of prim- 
ing illustrated below in cross section are the coating of 
prime onto a star and loading prime into a gerb. (See 
prime application technique and prime composition.) 
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Prime Layer 
Primed 
Star Cut Star 
Clay 
First Fire 
Primed (Prime) 
Gerb 


Gerb 
Composition 


Casing 


In explosives: An example of priming is the use of a 
booster charge to cause the initiation of ANFO, or the 
insertion of a detonator into a stick of dynamite. 


PRIMING COMPOSITION — See prime composition. 
PRIMING, SLURRY — See prime application technique. 


PRINCESS INCENDIARY SPARK TEST — See incendi- 
ary spark test. 


PRISMATIC FOUNTAIN — See fountain type (jeweled 
fountain). 


PROBABILITY — (Symbol: P) — The chance that a spe- 
cific event will occur; represented as a number in the 
range 0 < P < 1. The probability of an impossible 
event is zero (0) and that of an absolutely ensured 
event is one (1). 


Probability is estimated empirically by determining 
the relative frequency of an event; the number of 
times the particular event occurs divided by the total 
number of all events being considered. 


PROBABILITY, CUMULATIVE — See normal distribu- 
tion. 


PROBABLE ERROR -— (Symbol: e,) — In statistics, that 
value for which there is an even probability (i.e., P = 
0.5) that the value of a random sample, taken from an 
infinite, normally-distributed population, will lie be- 
tween that value and the mean value of the popula- 
tion. The probable error, as defined above, is 0.6745 
times the standard deviation (0) (see statistic). 


PROBE FIRING PANEL - See firing unit, electrical. 
PROBIT ANALYSIS — See sensitiveness test protocol. 


PROCESS BUILDING — See building type. 
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PRODUCT (chemical) — See chemical product. 


PRODUCTION LOT — A uniquely-identifiable group of 
manufactured items (e.g., solid-propellant model 
rocket motors, high-power rocket motors, motor re- 
loading kits or pyrotechnic modules) possessing the 
same characteristics resulting from production under 
common manufacturing conditions using the same 
batch of materials. 


PRODUCTION LOT ACCEPTANCE TEST — A test con- 
ducted on a sample (or preferably on several samples) 
taken from a production lot to determine whether the 
lot meets the specified requirements. 


PROFILE — (Also trace or curve) — A pictorial or 
graphical representation of a phenomenon changing 
over time. For example, a thrust profile of a rocket mo- 
tor (presented below) is its measured thrust produced 
during the time interval ofits operation. This is usually 
determined during static test firing of a rocket motor. 
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As an example from fireworks, a mortar pressure pro- 
file (presented below) documents the time-pressure 
relationship during the firing of an aerial shell. 


Electric 
Match 
Ignition 


Mortar Pressure 


t, Time 


PROFILE DRAG — See drag force (pressure drag). 


PROGRESSIVE BURNING — See burn type, pyrotechnic 
(propagative burning). 


PROGRESSIVE BURNING PROPELLANT and PRO- 
GRESSIVE BURNING ROCKET GRAIN — See propel- 
lant burning, type of. 
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PROJECTILE — Any object fired, thrown, launched or 
otherwise projected, such as a bullet, rocket or fire- 
work aerial shell. 


PROJECTILE BALLISTICS — See ballistics. 


PROJECTILE IMPACT TEST — (Also rifle bullet im- 
pact test or Susan test) — A test used to determine the 
sensitiveness of an explosive to impact by a projectile 
such as a bullet. The projectile speed is varied, and 
the test results are reported as the speed at which 
50% of the samples are initiated. Unlike a drop- 
weight impact test, in which very small samples are 
used, much larger samples are used in the projectile 
impact test. As a result, an explosive can be initiated 
to detonation. 


PROLATE SPHEROID - See spheroid. 
PROMETHEAN MATCH - See match, historical. 
PROMETHEES - See Sprengel explosive. 


PROOF TEST — A formal procedure to determine (i.e., 
prove) whether or not something conforms to speci- 
fied requirements. In mechanical engineering, a proof 
test is a procedure carried out to establish that a de- 
vice can withstand all stresses to which it may be 
subject during its intended use. 


Historically, it was common to perform proof tests on 
guns. The test consisted of firing the weapon remotely, 
having loaded it with an extra heavy charge of pow- 
der and possibly a more massive projectile than that 
intended to be discharged in the routine use of the 
weapon. If the gun survived the test intact, then it 
was assumed to be safe to fire with a normal charge 
of powder and a normal projectile. 


The test and term originated at a time before high- 
speed instruments and recorders for material testing 
were available, and before mechanical engineering 
was solidly based on science. The basic approach 
continues to be of use, and even today firearms in 
some countries may be required to be proof-tested. 


In fireworks: The strength of a firework mortar can be 
evaluated by a proof test, as acknowledged by the 
NFPA (NFPA-1123 A.4.3.7(d)). “If there is reason to 
doubt that the strength of a mortar is adequate, a test 
can be devised to determine whether its strength is 
sufficient. One possible strength test for mortars is to 
fire the heaviest aerial shell of a given size to be 
used, with a charge of lift powder that is 1.5 times the 
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normal quantity. This approximately doubles the 
normal stress on the mortar.” 


A series of photographs documenting a test to deter- 
mine the burst strength of a fiberglass firework mortar 
is shown below. In this case, the mortar was instru- 
mented to record the internal pressure developed dur- 
ing the test, including at the point of the mortar’s 
failure. 


proof firing — The performance of a proof test of 
strength and durability, typically, for a cannon or fire- 
arm. 


proof load — The powder charge and/or projectile 
used in a proof firing. 


PROPAGATION — The communication of a rapid chem- 


ical reaction through a mass of low explosive or be- 
tween individual high explosive charges. 


In pyrotechnics: Propagation within a mass of ener- 
getic material is the continuous action whereby the 
reaction of one portion of the material causes other 
portions to react in a similar way. The reaction can be 
burning or exploding. 


Much of the energy produced by the already reacting 
portion of the material is lost to the surroundings, and 
itis not communicated to the as-yet-unreacted portion 
of pyrotechnic material. Propagation will occur only 
if sufficient energy is supplied by the portion of re- 
acting material to ignite succeeding portions of pre- 
reacting material. For any specific pyrotechnic com- 
position, this relationship is expressed mathematically 
as a propagation inequality. Propagation can be 
thought of as continuing self-ignition. 


For a collection of separate explosive charges, propa- 
gation may be said to have occurred if the explosion 
of one charge causes the explosion of one or more 
nearby charges. The term ‘communication’ can also 
describe this occurrence. 


In_ high explosives: Propagation is the sympathetic 
detonation (see detonation type) of an explosive 
charge by an impulse received from adjacent or near- 
by explosive charge. The term is not appropriately 
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applied to the passage of a detonation wave through 
an individual charge. 


PROPAGATION IGNITION ENERGY DIAGRAM — See 
ignition propagation energy diagram. 


PROPAGATION INEQUALITY — Pyrotechnic propaga- 
tion occurs when sufficient energy is fed from a re- 
acting layer of composition to the next (pre-reacting) 
layer of composition to cause its ignition (see illustra- 
tion below). 
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The amount of energy necessary for ignition can be 
described as the material’s activation energy (Eu). 
Thus, for successful propagation, the amount of energy 
being fed back (£)) from the reacting layer to the pre- 
reacting layer must exceed Ey 


Er > Ea 


The amount of energy being fed back is the amount 
of energy being produced by the reacting layer, 
which is the enthalpy of reaction (AH,), multiplied by 
the fraction of that energy being successfully fed 
back (F, {b)« 


E, =AH,xF, 


Therefore, propagation will occur only when the fol- 
lowing inequality is satisfied. 


AH, x Fi, >£, 


This inequality is sometimes referred to as the propa- 
gation inequality. Whenever this inequality is not 
met, even if only briefly, propagation will cease. For 
the most part, the extent to which the propagation in- 
equality is exceeded increases the burn rate. 


There are three basic thermal energy transfer mecha- 
nisms possible for burning pyrotechnic compositions. 
These are conduction, convection and radiation; thus, 
anything that affects any of these three feedback 
mechanisms will affect the fraction of thermal energy 
successfully fed back to the pre-reacting layer of 
composition. 


The propagation inequality can be used to explain the 
failure of a partially-dried pyrotechnic composition to 
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burn to completion. Consider the ignition propaga- 
tion energy diagram (also known as a Shimizu energy 
diagram) illustrated below. 


Dry Moist 
Composition Composition 
Increasingly Moist 
Composition 


When the composition is ignited on the left (the dry 
end), it will begin to burn successfully to the right, 
because the energy being fed back (Ey, the dashed or- 
ange line) is greater than the activation energy re- 
quirement of the well-dried composition (Eva, the solid 
blue line). When the burning has progressed inward 
to where the composition begins to become moist, the 
activation energy needed for ignition increases. This 
is because the moisture (water) needs to be vaporized 
before the composition can reach its ignition tem- 
perature. At the point where the lines for Ey and Eva 
cross, the burning (propagation) will cease. This is 
because now there is insufficient energy being sup- 
plied to cause the ignition of the pre-reacting (moist) 
composition (Eum). 


PROPAGATIVE BURNING — See burn type, pyrotechnic. 
PROPANETRIOL — See glycerol. 


PROPANE — [C3Hs]— {CAS 74-98-6} — (Also dimethyl- 


methane) 


The third member of the alkane series of hydrocarbons, 
propane is used in both gaseous and liquid states as 
the fuel for flame effects. Propane is extracted from 
natural gas or obtained as a by-product of petroleum 
refining. Propane is a colorless and almost odorless 
gas, unless an odorant has been added. 


Structural formula: 
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a) Code for reference source, see preface. 
Health Information: PEL-TWA: 1000 parts per million. 


UN hazard classification: PSN: petroleum gases, liq- 
uefied; HC: 2.1 — flammable gas (UN1075). 


1,2-PROPANEDIOL — [C3HsO2] — {CAS 57-55-6} — 
(Also propylene glycol, 1,2-propylene glycol, edible 
glycol, 1,2-dihydroxy-propane or a-propylene glycol) 
1,2-propanediol is often the primary ingredient in the 
fog liquid used to produce fog effects on stage. It is a 
colorless, nearly odorless, modestly viscous liquid. 


Structural formula: 


Characteristic 


a) Code for reference source, see preface. 


Health information: TLV: none established; WEEL- 
TWA: 10 mg/m’. 


UN hazard classification: not regulated. 


PROPANE TANK PRESSURE -— The gas pressure with- 
ina tank of propane. Liquid propane is the fuel source 
for many flame effects. It has a low boiling point (— 
44 °F, -42 °C), accordingly a tank of liquefied pro- 
pane at normal ambient temperatures will pressurize 
itself, and the pressure attained is a function of tank 
temperature. For this reason, people managing gase- 
ous propane flame effects pressurized directly by liq- 
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uid propane in a supply tank need to take the tank 
temperature (i.e., pressure) into account. The table 
below presents propane tank pressure as a function of 
temperature. 


Temperature Pressure 
1 


| (kPa) 


In a well-designed, flame-effect appliance, propane 
feed pressure will be controlled by a regulator. This 
solves the problem of the propane supply depending 
on the temperature of the propane in the tank. When a 
large amount of gaseous propane is needed for a 
flame effect, its vaporization in the supply tank will 
lower the temperature of the liquid propane in the 
tank and thus the tank pressure. With a large flame 
effect, it is easily possible for the tank pressure to fall 
to the point of seriously reducing the supply of fuel to 
the flame, thus spoiling the effect, especially if the 
flame is intended to persist for more than a second or 
two. A solution to this problem is to use a flame ef- 
fect gas accumulator. 


PROPANETRIOL — See glycerol. 


2-PROPANOL — [C3H7OH] — {CAS 67-63-0} — (Ab- 


breviated IPA) — (Also isopropanol, propanol, iso- 
propyl alcohol, rubbing alcohol, petrohol, dimethyl 
carbinol or sec-propy] alcohol) 


2-propanol can be useful as a solvent for some non- 
aqueous binders, but some commercial forms may be 
less suitable for this application because of their 
greater water content (e.g., commercial rubbing alco- 
hol is normally 70% 2-propanol and 30% water.). It 
is a clear, colorless liquid with a characteristic odor. 


Structural formula: 
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Characteristic (a) 


Cc F 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 200 parts per million. 
It has health hazards IARC-3: unclassifiable as to 
carcinogenicity. 


UN hazard classification: PSN: isopropanol; HC: 3 — 
flammable liquid (UN1219). 


2-PROPANONE — See acetone. 


PROPELLANT — (Also propellent) — Any agent for the 
production of thrust (such as the Black Powder or 
composite propellants in a rocket motor) or for the 
controlled production of pressure to do work (such as 
Black Powder or smokeless powder in a gun). There 
are various propellant types, such as solid, liquid and 
hybrid propellants. The propulsive force that they 
produce depends on the propellant’s chemical and 
physical make-up and, in the case of a solid or hybrid 
propellant, on its burning surface area. 


PROPELLANT-ACTUATED DEVICE — (Abbreviated 
PAD) — A mechanical device in which gases released 
by the combustion of a pyrotechnic mixture or a pro- 
pellant do useful work. By convention, firearms and 
rockets are excluded as they each constitute their own 
highly developed, specialized branch of technology. 


When the mechanical effects of high pressures are 
required for only a brief period, propellant-actuated 
devices can provide the advantages of being small, 
lightweight and extremely reliable. Examples include 
the dimple, bellows and piston actuators described as 
explosive actuators. In these devices the propellant is 
an integral part of the device. 


In other propellant-actuated devices, the propellant is 
provided as a replaceable cartridge that is inserted 
only when the device needs to be ready for use. The 
energy source can (and should) be stored separately, 
leaving the device completely inert and safe until it is 
loaded. Such a device may be described as a car- 
tridge-actuated device (CAD), and the associated car- 
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tridge may be described as a power cartridge or power 
load. The power cartridge may be one of two types: a 
detonating cartridge of high explosive, which pro- 
duces a destructive shock wave, or a pressure car- 
tridge containing a deflagrating propellant that pro- 
duces a high-pressure gas without a shock wave. 


Detonating cartridges are used in a few specialized 
aerospace applications in which a mechanical struc- 
ture must be broken extremely rapidly at a specified 
time. Examples include the frangible nuts and frangi- 
ble bolts used to hold the stages of a multi-stage 
rocket together and to secure a spacecraft to its 
launch vehicle. 


Devices powered by pressure-type power cartridges 
have a wide range of applications. Depending on the 
nature of the device in which it is intended to be 
used, a power cartridge of this type can range from a 
simple blank cartridge (as might be used in a firearm) 
to a purpose-designed cartridge that delivers gas at a 
rate appropriate to the intended application. (For spe- 
cific examples, see engine starter, pyrotechnic; gas 
generator, pyrotechnic; motor, pyrotechnic.) 


A common propellant-actuated device used to drive 
hardened nails and other fasteners into concrete is 
shown below, together with a variety of different 
strength power loads for use with the device. Such 
devices may be described as explosive-actuated tools, 
powder-actuated tools, or power tools — explosive. 


Oo 


sunetseietceresuceisvssatsasaeais: 


There are two types of explosive actuated tools: high 
velocity, in which the expanding gases from the car- 
tridge act directly on the fastener, and low velocity, 
in which the expanding gases drive a piston that in 
turn acts upon the fastener. High-velocity tools are 
used only when necessary, as for example to pene- 
trate thick steel or to drive fasteners into unusually 
hard material, or in underwater applications. Low- 
velocity tools are widely used in building construc- 
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tion. In recent years, it has become common for low- 
velocity tools to be driven by the explosion of a mix- 
ture of air and a fuel gas, initiated by an electric 
spark. The fuel gas is provided in a disposable canister 
in which the gas mixture is liquefied under pressure. 
Such fuel-gas powered tools are less costly to operate 
than the cartridge-actuated types; furthermore, they 
avoid falling foul of the regulations that apply to the 
sale and storage of explosives and firearms. The blank 
cartridges for power tools may (intentionally or other- 
wise) fall within the scope of such regulations, where- 
as the compressed fuel gas canisters typically do not. 


Power cartridges for explosive-actuated tools are 
commonly made in three calibers: .22, .25 and .27. 
Larger calibers (up to .38) have also been made. Car- 
tridges in each caliber are commonly made of a 
bronze-colored alloy and are available with up to six 
different propellant loads. These are identified by a 
number and by a color-coding system. A second se- 
ries of power cartridges, made of a nickel-colored al- 
loy, provides even higher propellant loads. In the ta- 
ble presented below, the loads are listed in increasing 
order of their strength. 


Number | Shell Color | Color Code 


Power cartridges may be supplied as boxes of indi- 
vidual units (as shown in the photograph) or as strips 
of multiple units held together with plastic, to suit 
power tools designed to receive cartridges presented 
in this way. Examples (from: 


www.firearmshistory.blogspot.com.au/201 1/03/utility- 
firearms-powder-actuated-tools.html) are shown below. 
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The fasteners used in explosive-actuated tools are 
purpose-made to withstand the extreme forces ap- 
plied when they are shot into the substrate. Explo- 
sive-actuated tools are provided with precautions 
against unintentional or inappropriate firing; typical- 
ly, the device cannot be fired unless its tip is pressed 
firmly against a surface at the correct angle. None the 
less, operation of the tool is inherently dangerous. Fatal 
accidents have occurred when fasteners have passed 
through an insufficiently strong substrate and become 
projectiles. At the other extreme, attempts to fire fas- 
teners into excessively hard substrates, or with car- 
tridges of inadequate strength, have caused the fasten- 
er to ricochet off the surface as a high-speed projectile. 


Historical: An early example of a propellant-actuated 
device was the captive-bolt humane killer introduced 
by German slaughter-house director Dr Hugo Heiss in 
1903. In 1906 American inventor Adolph W. 
Jenczewsky was awarded US Patent 823,934 for an 
explosive-actuated safety valve for gas pipes. After the 
World War I, British inventor Robert Temple at Tem- 
ple Cox Research Co Ltd of Bromley, Kent (manu- 
facturers of captive-bolt humane killers) developed 
the Cox Submarine Gun, a propellant-activated tool 
for use in underwater naval salvage operations. De- 
tails are disclosed in US Patent 1,365,869. In the late 
1920s, American inventors John P. Medlin and Harry 
W. Baumer independently invented different explo- 
sive-actuated devices for rapidly breaking high- 
voltage electric circuits in the event of excessive cur- 
rent being drawn. (For details, see US Patents 
1,654,467 and 1,782,089.) During the World War II, 
several new applications for propellant-actuated de- 
vices appeared, including launching torpedoes, oper- 
ating cable-cutters for severing the cables of barrage 
balloons, and in cartridge-operated engine starters. 
Cartridge-actuated devices were used to operate ve- 
hicle jacks and to deploy aircraft landing gear. In 1951 
British inventor Anders Mathisen was awarded US 
Patent 2,557,448 for a cartridge-actuated fire extin- 
guishing system. An improved cartridge-operated 
fastening tool was disclosed by Robert Temple in 1954 
in US Patent 2,666,252. Other applications of propel- 
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lant-actuated device are described in detail by Brauer 
(1981). They include, in addition to those already 
mentioned, pin-pullers and connectors for attaching 
additional conductors to electrical transmission lines. 


PROPELLANT ACTUATOR -— See actuator, explosive. 


PROPELLANT AREA RATIO — (Symbol: K, or Kn) 
(Also Klemmung) — The propellant’s burning sur- 
face area (A,) divided by the minimum throat area of 
the rocket motor’s nozzle (A;): 


or a given propellant, area ratio can be used to predict 
rocket motor chamber pressure and thrust. For some 
composite propellants, the chamber pressure may vary 
by as much as the fifth power of the area ratio K;,. 


For ammonium perchlorate/polybutadiene propellants, 
a K, between 90 and 150 may cause the propellant to 
burn unstably (described as chuffing); consequently, 
values greater than 150 are typically used for these 
propellants. As K, increases during the burning of a 
progressive grain (see propellant burning, type of), so 
does the chamber pressure, burn rate and thrust. Ac- 
cordingly, maximum X;, values must be considered in 
the design of a rocket motor to prevent casing rupture 
or a transition to a higher value of the burn rate expo- 
nent (see Vieille equation). 


PROPELLANT, BOOSTER — See propellant, rocket 
motor. 


PROPELLANT BURNING, CATALYZED — Burn cata- 
lysts can be used to increase the burn rate of propel- 
lants and pyrolants. Metal oxides are commonly used 
as catalysts in propellants for model and high-power 
rocket motors. 


The use of some lead-based catalysts often produces 
especially useful deviations from the burn rates pre- 
dicted by the Vieille equation as a function of pressure. 
The green curve (1.e., linear) in the illustration below is 
the relationship predicted by the Vieille equation and 
approximates that of a typical, non-catalyzed, double- 
based propellant. The red curve is typical of the pres- 
sure-dependent burn rate when lead-based catalysts 
such as lead salicylate or lead stearate are used. Typi- 
cal burn rate behavior for catalyzed propellants can 
be divided into three regions, discussed below. 
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» Plateau , ii 

Super-rate 1 n~0.0 # Mesa! 

n~0.8 to 2.0 i too2 'n<0!} 
i 


Log of Burning Rate (r) 


Log of Pressure (p) 


Illustration credit: Naminosuke Kubota 


super-rate burning — A catalyzed propellant’s 
burning in a pressure region where its burn rate is 
substantially increased over its non-catalyzed rate. In 
this region, the burn rate pressure exponent (7) in the 
Vieille equation is increased over that for the non- 
catalyzed propellant. 


plateau burning — The burning of a catalyzed pro- 
pellant in a pressure region where its burn rate is al- 
most independent of pressure, with the burn rate 
pressure exponent being close to zero. In this region, 
burn rate is also almost independent of temperature. 
Accordingly, propellants (described as platonized) 
that are formulated to operate in this pressure region 
have especially reliable performance, independent of 
ambient conditions. 


mesa burning — The burning of a catalyzed propel- 
lant in a region where its burn rate decreases signifi- 
cantly with increasing pressure. In this region, the 
burn rate pressure exponent (n) is negative. 


PROPELLANT BURNING, TYPE OF — The configura- 


tion of the propellant determines its mass burn rate as 
a function of time over the period of its burning. (For 
the most part, this is a function of the amount of 
burning surface area as a function of time.) The amount 
of propellant gas being produced, and the resulting 
chamber pressure (e.g., in a rocket motor) is a func- 
tion of mass burn rate. The mass burn rate (and burning 
surface area) can increase, remain approximately 
constant or decrease as the propellant burns. Thus, 
for a rocket motor, its thrust will also increase, re- 
main approximately constant or decrease as the pro- 
pellant burns. These types of propellant burning are 
described as progressive, neutral and regressive, re- 
spectively; in addition, there is also erosive burning. 
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progressive burning — Propellant burning where the 
reacting surface area increases during combustion; 
consequently, the mass burn rate increases with time. 


In rocketry: (Also progressive grain or progressive- 
burning grain) — Progressive burning occurs when the 
thrust produced by a rocket motor increases over the 
burning period. A simple configuration that exhibits 
progressive burning is a case-bonded grain with a cy- 
lindrical core. As burning proceeds, the diameter of 
the core increases, causing the burning surface area to 
increase, resulting in increased gas production and 
thrust. One example of a progressive-burning grain is 
illustrated below. This is a typical thrust profile for a 
rocket motor with a BATES grain in which the indi- 
vidual grain segments are relatively long. (See pro- 
pellant grain geometry (rocketry).) 


Thrust ——> 


BATES - Progressive 


Time — 


In smokeless propellants: Progressive burning occurs 
when the configuration of the individual propellant 
grains is such that the rate of gas production increases 
over the burning period. One configuration that has 
progressive burning is a cylinder with multiple perfo- 
rations (i.e., holes) through it as illustrated below. In 
this case, as burning occurs in the perforations, the 
holes enlarge such that there is a net increase in burning 
surface area. This results in a corresponding increase 
in the rate of gas production. Such grains are usually 
manufactured using an extrusion process. 


Progressive 


Gas Production 


Cylinder with 
Multiple Holes Time 


neutral burning — Propellant burning where the re- 
acting surface area remains approximately constant 
during the interval of combustion. In this type of 
burning, the mass burn rate remains approximately 
constant over time. 


In_rocketry: (Also neutral grain or neutral-burning 
grain) — Neutral burning occurs when the thrust pro- 
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duced is approximately constant over the burning pe- 
riod. Many propellant grain geometries can be con- 
figured to approximate neutral burning. The thrust 
profile for a simple, end-burning propellant grain is 
illustrated below, where the slight increase in thrust 
(typically a temperature effect) is ignored. 


Thrust —~» 


End Burning 
Time —> 


In smokeless propellants: Neutral burning occurs 
when the configuration of the individual propellant 
grains is such that the rate of gas production remains 
approximately constant over the burning period. One 
configuration that has approximately neutral burning 
is acylinder with a single axial perforation (i.e., hole), 
as illustrated below. As the burning on the outside of 
the cylinder acts to reduce that burning surface area, 
the burning in the axial hole increases the area an ap- 
proximately equal amount. Thus, since the burning 
surface area remains approximately constant, the rate 
of gas generation is also approximately constant. 


c 
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Another approximately neutral burning configuration 
is that of thin disks, in which the ends consist of the 
bulk of the total surface area, which remains approx- 
imately constant as the disks burn inward. 


regressive burning — (Also degressive burning) — 
Propellant burning where the reacting surface area de- 
creases during the interval of combustion. In this type 
of burning, the mass burn rate decreases with time. 


In rocketry: (Also regressive-propellant grain or re- 
gressive-burning grain) — Regressive burning occurs 
when the thrust produced by a rocket motor decreases 
over the burning period. A regressive-burning grain 
shape is such that the total amount of burning surface 
area decreases as burning continues. An example of a 
configuration that has regressive burning is illustrated 
below. This is a typical thrust profile for a motor with 
a BATES grain in which the individual grain seg- 
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ments are relatively short. (See propellant grain geom- 
etry (rocketry).) 


Thrust —~> 


BATES - Regressive 


Time — 


In smokeless propellants: Regressive burning occurs 
when the configuration of the individual propellant 
grains is such that the rate of gas production decreases 
over the burning period. A grain of essentially any 
solid shape, such that burning only occurs over the 
outer surface, results in regressive burning, as illus- 
trated below. This is due to a reduction in the burning 
surface area as inward burning continues. 


oN 
Oe 


Cylinder Spheroid 


Regressive 
(or Degressive) 


Gas Production 


Time 


erosive burning — Propellant burning in which the 
normal burn rate is augmented or increased by high 
velocity gas moving past, or directed against, a burning 
surface. There are other theories attempting to ex- 
plain erosive burning, but this seems to be the sim- 
plest explanation. 


In rocketry: Erosive burning is caused by enhanced 
thermal energy feedback when burning surfaces are in 
close proximity. Erosive burning can be caused by a 
core diameter close to that of the nozzle diameter (i.e., 
a low port-to-throat ratio). Erosive burning can pro- 
duce sonic or near sonic gas velocities and shock waves 
within the propellant core. Motor designers normally 
avoid erosive burning, but it can be used to increase 
the initial thrust for a so-called hot start. This mani- 
fests itself as the ignition spike often seen in model 
rocket motors. An example of this is illustrated below 
in the thrust profile of a core-burning motor. 


Thrust 


Ignition Spike 


Time 
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A severe type of erosive burning may occur because 
of physical properties of the grain. Propellants with 
poor physical properties may have chunks of propel- 
lant torn out of the grain surface and exposed to gas 
flow. Such propellants should not be used in rocket 
motors because their performance is very difficult to 
control or predict. 


PROPELLANT, CASTABLE — See propellant type. 


PROPELLANT COMPOSITION (rocketry) — See propel- 
lant, rocket motor. 


PROPELLANT EXPLOSIVE — An explosive or pyro- 
technic material that, under the conditions of intended 
use, operates by rapid but smooth combustion, and 
where the gases being produced are intended for doing 
non-explosive (i.e., comparatively slow) work. Black 
Powder and smokeless propellant are common exam- 
ples of explosive propellants. 


PROPELLANT GRAIN — A single monolithic piece of 
rocket propellant having a definite shape, described by 
the propellant grain geometry. Rocket propellant grain 
geometries are quite varied and play a pivotal role in 
determining the thrust profile of a solid rocket motor. 


A rocket motor may have single or multiple grains, 
and these may be either case-bonded grains (pressed 
or cast directly into the motor case or casing) or car- 
tridge-loaded grains, which are usually cast or 
pressed into an insulating liner that also serves as an 
inhibitor to prevent burning on the grain’s outer sur- 
face. For some reloadable motors an additional liner 
may be provided for increased insulation and protec- 
tion of the casing walls. 


The term ‘grain’ is thought to be a carryover from the 
grain size of Black Powder propellants, which are de- 
finitive in characterizing their burning characteristics. 
Occasionally, a propellant grain is described as a 
propellant slug or charge. The term has also been 
used to describe the solid component (almost always 
the fuel) of hybrid propulsion systems. 


PROPELLANT GRAIN GEOMETRY (rocketry) — The 
three-dimensional shape of the solid propellant in a 
rocket. Some of the grain geometries used in model 
and high-power rocketry are presented below. 


end-burning grain — The simplest, although not 
particularly effective, propellant grain geometry is an 
end-burning grain. In its simplest form, it is a rod 
formed either by casting the propellant directly in the 
motor casing (i.e., case-bonded grain) or in a liner 
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(i.e., cartridge-bonded grain, as illustrated below) for 
subsequent loading into the motor casing. The casing 
or liner supports the propellant and also serves as an 
inhibitor to limit burning to the end of the grain. 
Thus, the grain burns from one end to the other 
(sometimes described as in a cigarette-like fashion). 


Tube 
(Inhibitor) 


Propellant 


An end-burning grain produces a lower thrust for a 
longer time than other geometries and allows the 
maximum amount of propellant to be loaded into a 
motor or liner, since there is no space lost to a core or 
slot. End-burning case-loaded grains have the disad- 
vantage of subjecting the motor casing to propellant 
heating effects for a long period of time. 


An end-burning grain produces a nearly neutral thrust 
profile, as illustrated below, possibly with a slight in- 
crease in thrust due to heating of the propellant and 
casing as the grain burns. 


Thrust —» 


End Burning 
Time —> 


core-burning grain — The first propellant grain ge- 
ometry used in composite, amateur rocket motors 
was a single, core-burning grain. In its simplest form, 
it is a thick-walled tube, formed either by casting the 
propellant directly in the motor casing (1.e., case- 
bonded grain) or in a liner (i.e., cartridge-bonded 
grain, as illustrated below) for subsequent loading in- 
to the motor casing. A mandrel may be used to form 
the core during casting, or, alternatively, the core can 
be produced by drilling after the propellant has cured. 
The casing or liner supports the propellant and also 
serves as an inhibitor to limit burning to the grain’s 
core and ends. 
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Tube 
(Inhibitor) 


On Center 
Circular Core 


Propellant 


The thrust profile is normally quite progressive, as il- 
lustrated below; this limits the chamber pressure 
range available to the rocket motor designer. If the 
initial chamber pressure is too low, combustion in- 
stability (e.g., chuffing) can be a problem. If peak 
pressure is too high, motor reliability is reduced. 


Thrust —» 


Core Burning 


Time —~> 


The initial spike in thrust (i.e., the ignition spike) is 
the result of short-term erosion burning. 


BATES grain — (Acronym for BAllistic Test and 
Evaluation System) — A test-system propellant grain 
geometry developed at the forerunner of the US Air 
Force Rocket Propulsion Laboratory (Edwards Air 
Force Base) to provide a near-neutral thrust profile 
and to provide an estimate of full-scale motor per- 
formance using a minimum of propellant. 


In amateur rocketry, BATES grains are formed by 
breaking a single, long, core-burning grain into two or 
more shorter grains that are often separated by short 
spacers (e.g., with O-rings). For simplicity, in the il- 
lustration below, the internal core features of the 
BATES grain and any spacers are not shown. The 
BATES grain limits the operating rocket motor 
chamber pressure range to more acceptable values. It 
allows initial pressures to be high enough to prevent 
chuffing and yet limits peak pressures to lower values, 
which improves the overall reliability without unnec- 
essarily raising motor weight. The core diameter still 
needs to be considered to limit erosive burning. (See 
propellant burning, type of.) 
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Tube 
(Inhibitor) 


On Center 
Circular Core 


Propellant 


For an approximately neutral-burning motor, as illus- 
trated below, the length of each grain (L) is adjusted 
to equal: 


7 Gx OD)+ID 
2 


Here, OD is the outside diameter of the propellant 
grain and ID is the core diameter. 


Thrust ——~> 


BATES - Neutral 


Time —~> 


For aregressive thrust curve, the length of the grains is 
made shorter than the above value (L); for a progres- 
sive thrust curve, the length of the grains is made longer 
than this value. BATES thrust profiles for typical re- 
gressive and progressive grains are illustrated below. 


Thrust ——> 


BATES - Regressive 


Time — 


Thrust —~»> 


BATES - Progressive 


Time —> 


cored, end-burning grain — The propellant grain 
geometry used in most Black Powder model rocket 
motors. Typically, the core is short and provides 
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more initial burn area, both to facilitate ignition and 
to provide a higher initial thrust than a simple end- 
burning grain. The high initial thrust increases liftoff 
velocity, thus stabilizing the rocket more quickly. 
This geometry is also sometimes used in composite 
motors for use with glider designs. The core in a 
grain for a composite motor is sometimes approxi- 
mated by a cone or a short slot (not shown in the il- 
lustration below). 


Tube 
(Inhibitor) 


On Center 
Circular Core 


Propellant 


An example of a thrust profile for a cored, end- 
burning propellant grain is illustrated below. 


Thrust ——»> 


Cored End Burning 


Time —»> 


The core of the cored, end-burning Black Powder 
grain used in a firework rocket motor is typically 
more than half the length of the grain. 


C-slot grain — A single propellant grain that has a 
longitudinal slot cut its full length, as illustrated below. 
The depth of the slot is usually equal to the grain radius. 


(Inhibitor) 


Slot 


Propellant 


C-slot geometry produces an approximation to neu- 
tral burning, as illustrated below, by allowing a single 
grain to be used in a motor without the large rise in 
chamber pressure that would be produced if a core 
burning grain were used. 
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Thrust ——> 


C-Slot 


Time —> 


The initial spike in thrust (1.e., the ignition spike) is 
the result of short-term erosion burning. 


The slot width and depth must be adjusted to keep 


erosive burning effects (see propellant burning, type 


of.) within acceptable limits. A disadvantage of the 
C-slot is exposing a portion of the liner and casing to 


the high chamber temperature for most of the rocket 


motor’s burn time. 


moon-burner propellant grain — A single pro- 


pellant grain that has a core either tangent to the outer 
diameter of the grain, as illustrated below, or slightly 


offset from it. The grain geometry is so-named be- 
cause of the crescent (moon) shaped burn surface 
produced during its burning. 


Tube 
(Inhibitor) 


Off Center 
Circular Core 
Propellant 


With the core tangent to the outer diameter of the grain 


and with the core diameter sufficiently large, peak 


thrust occurs immediately upon ignition. With the 
core moved toward the center of the grain and with a 
smaller core diameter, peak thrust is delayed until 
later in the burning of the grain, as illustrated below. 


Thrust ——> 


Moon Burner 


Time — 


The initial spike in thrust (1.e., the ignition spike) is 
the result of short-term erosion burning. 


The web thickness and burning time is greater for the 
moon burner (or the C-slot grain, if the slot depth is 
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less than the grain radius) than for other cored geom- 
etries. The moon burner usually produces a thrust 
profile with longer tail-off than most other geome- 
tries. Moon burners share the casing heating charac- 
teristic of the C-slot geometry. 


finocyl grain — (Abbreviation for fins-on-cylinder) — 
(Also semi-star geometry) — A propellant grain that 
has a circular core with several straight slots (typically 
4 to 8) extending out from the core’s periphery some 
distance into the propellant, as illustrated below. 


Tube 
(Inhibitor) 


Finocyl Core 
Propellant 


Finocyl geometry is used as a substitute for star core 
geometries because of the relative ease in making a 
mandrel for the core. An alternative is to manually 
cut the slots into the propellant of a grain having a 
circular core, after the initial grain has cured. 


The burning of a finocyl grain produces relatively 
high levels of thrust at the expense of being of rela- 
tively short duration, as illustrated below. It is a good 
choice of geometry for a case-bonded motor when 
nearly neutral burning is required and when the inner 
wall of the casing must be protected from combustion 
gases until nearly the last moments of web regression. 


Thrust ——~» 


Time —~> 


PROPELLANT, GUN — The powder used in small arms 


and artillery pieces. It is common to use the simpler 
term ‘propellant’ to describe the material used in 
small arms such as rifles and pistols; whereas the 
term ‘gun propellant’ is more commonly used to de- 
scribe the propellant used in large military weapons 
such as artillery pieces and tank guns. Today, except 
for antique weapons, gun propellant is almost univer- 
sally some type of smokeless powder. 
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PROPELLANT, JETEX™ — See Jetex™ (Jetex™ fuel). 


PROPELLANT MASS RATIO (rocketry) — (Symbol: ¢) — 
(Also propellant mass fraction or mass ratio) — The 
ratio of the propellant mass (m,) to the initial vehicle 
mass including propellant (m,): 


S 


Mp 
Mo 


Higher mass ratio results in a higher altitude in the 
drag-free case but perhaps not when drag must be 
considered. 


PROPELLANT, PLATONIZED — A propellant that exhib- 
its plateau burning, see propellant burning, catalyzed. 


PROPELLANT, ROCKET MOTOR — The propellant 
used in a rocket motor. 


booster propellant — The propellant used for a 
booster rocket motor. In general, booster propellants 
have a high burn rate and short burn duration. 


propellant composition — A pyrotechnic composi- 
tion, which, upon burning, produces gaseous products 
for the thrust for propulsion of model and high-power 
rockets. This is accomplished by producing and ex- 
pelling combustion gases, usually through a nozzle, 
although nozzleless configurations are possible. The 
propellant composition is usually pressed or cast to 
form the propellant grain(s) used in the rocket motor. 


sustainer propellant —A pressed or machined pyro- 
technic grain used in a rocket motor, pressure car- 
tridge or igniter. It is designed to maintain a specified 
rate of gas production after ignition. In general, this 
will be accomplished using a propellant with a low 
burn rate and long burn duration. 


PROPELLANTS, EARLY CHRONOLOGY OF SMOKE- 
LESS — Some important dates in the early develop- 
ment and use of some common, non-Black Powder 
propellants are presented below. 
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Formulation — | Parts by Weight @ 
Ingredient | 


a) Rounded to the nearest percent or to one signifi- 
cant figure. 


b) For example, carboxy-terminated polybutadiene or 
hydroxyl-terminated polybutadiene. 


1) www.nasa.gov. 2) McCreary, 2000. 


PROPELLANTS, EXPLOSIVES AND PYROTECHNICS 


— (Abbreviated PEP) — A peer-reviewed, scientific 
journal appearing six times a year. “Propellants, Ex- 
plosives, Pyrotechnics” is an international journal 
dealing with scientific and technological aspects of 
energetic materials, and it is the official journal of the 
International Pyrotechnics Society. It was first pub- 
lished in 1975 and continues today. For more infor- 
mation see: www.wiley.interscience.com 


PROPELLANT SLUMP — A failure mode for a solid 


propellant rocket motor in which propellant of inade- 
quate structural rigidity deforms downward, under 
extreme acceleration, and potentially clogs the nozzle, 
resulting in a catastrophic motor failure. 


PROPELLANT STRAND - See strand. 


PROPELLANT TYPE (rocketry) — A propellant is a py- 


rotechnic or explosive material primarily intended to 
produce gas (non-explosively) for doing work. Pro- 
pellants can be classified by their chemical or physical 
characteristics. Several propellant types are described 
below. Additional propellant types are included in the 
entry smokeless powder type (gun powder). 


castable, double-base propellant — (Abbreviated 
CDB propellant) — A homogeneous propellant contain- 
ing nitrocellulose dissolved in a plasticizer or gelati- 
nizer (most commonly trinitro-glycerol (nitroglycerin), 
which can be formed into a required shape by casting. 


composite propellant — A heterogeneous propel- 
lant that typically contains an inorganic oxidizer, a 
binder and sometimes an additional fuel or other sub- 
stances. It is described as composite because it con- 
tains relatively large oxidizer particles in a continu- 
ous matrix of a fuel and binder combination. Most 
commonly, such a propellant consists of ammonium 
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perchlorate and some type of polybutadiene. The di- 
versity of polymers available for binders gives rise to 
a wide range of physical properties and methods of 
manufacture. It is also common to include aluminum 
or magnesium as an added fuel in the propellant. Two 
examples of composite propellants are presented far- 
ther below, where formulation 1 is the propellant in 
the solid rocket boosters of the US Space Shuttle and 
formulation 2 is typical for amateur rocket motors. 


Other useful amateur rocket propellants can be made 
by the mixture of the oxidizer ammonium nitrate with 
magnesium in a binder, or by mixing potassium ni- 
trate with a sugar and carefully melting the sugar to 
act as the binder as well as the fuel. Sucrose, glucitol, 
erythritol and dextrose have all proven to be effective 
as combination binder and fuel in these applications. 
Both ammonium nitrate-based and sugar-based pro- 
pellants have significantly lower specific impulse 
values than ammonium perchlorate composite propel- 
lant formulations; they are especially useful for ap- 
plications requiring long burn times and high smoke 
production (e.g., for tracking). 


composite, modified, cast double-base propel- 
lant — (Abbreviated CMCDB propellant) — A com- 
posite, modified, double-base propellant that is suita- 
ble for casting to form a propellant grain. 


composite, modified double-base propellant — 
(Abbreviated CMDB propellant) — A composite pro- 
pellant composed of a physical mixture of an inor- 
ganic oxidizer and a homogeneous propellant contain- 
ing nitrocellulose dissolved in a plasticizer or gelati- 
nizer, most commonly trinitro-glycerol (nitroglycerin). 


cross-linked, double-base propellant — (Abbre- 
viated CDB propellant or XLDB propellant) - A 
double-base propellant mixed with prepolymers that 
are then cross-linked with cross-linking agents during 
the process of curing the propellant. The physical 
properties of double-base propellants are significantly 
improved by the presence of the cross-links. 


double-base propellant — See smokeless powder 
type. 


extruded, double-base propellant — (Abbreviated 
EDB propellant) — A double-base propellant that is 
suitable for being extruded. This is used to make pro- 
pellants for small arms and cannon, rather than rocket 
propellant grains. 


granulated propellant — A propellant consisting 
of relatively small pellets (i.c., granules). Common 
examples of granulated propellants are smokeless 
powders, as used for small arms and artillery pieces, 
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and Black Powder used in fireworks and various other 
pyrotechnic devices. 


heterogeneous propellant — A propellant with a 
discontinuous physical structure consisting of two or 
more distinct components. Typical heterogeneous pro- 
pellants are composite propellant and composite, mod- 
ified, double-base propellant. Black Powder and sim- 
ilar performing pyrotechnic mixtures are also hetero- 
geneous propellants. 


homogeneous propellant — A propellant with a con- 
tinuous physical structure consisting of a single com- 
ponent or more than one intimately combined compo- 
nents. A typical homogeneous propellant is double- 
base propellant. Because of the microscopic uniformi- 
ty of homogeneous propellants, their flame structure 
is also homogeneous along the burning direction. 


monopropellant — A propellant that as a single en- 
tity provides everything needed to produce heat and gas 
for propulsion. A monopropellant may combine fuel 
and oxidizer into one molecule such as nitrocellulose 
(a single-base propellant), which is the most common 
example ofa solid monopropellant. A monopropellant 
also may be one that can undergo catalytic decomposi- 
tion, such as hydrazine and concentrated hydrogen 
peroxide. 


nitropolymer propellant — A propellant com- 
posed of one or more nitropolymers such as nitrocel- 
lulose, _trinitro-glycerol (nitroglycerin),  trime- 
thylolethane trinitrate, triethyleneglycol dinitrate or 
diethylene-glycol dinitrate. A burning nitrocellulose- 
nitroglycerin nitropolymer propellant at a pressure of 
3 MPa (440 psi) is shown below. 


Photo Credit: Naminosuke Kubota 


Typical nitropolymer propellants are single-base and 
double-base propellants. Composite propellants, 
composed of crystalline oxidizers and nitropolymers 
such as triple-base propellants and composite, modi- 
fied, double-base propellants, are also considered to 
be nitropolymer propellants. 
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single-base propellant —See smokeless powder type. 


triple-base propellant—See smokeless powder type. 
PROPELLENT -— See propellant. 
PROPELLING CHARGE — See charge (noun). 


PROPER SHIPPING NAME — (Abbreviated PSN) — The 
authorized name used on packages to identify their 
contents during transportation. 


PROPERTY, CHEMICAL — See chemical property. 


PROPULSION — A process whereby an adequate force 
is produced to impart motion to an item. 


1,2-PROPYLENE GLYCOL — See /,2-propanediol. 


PROTON — One of the two major types of elementary 
particles (i.e., nucleons) found in the nucleus of an 
atom. The other type is a neutron. A proton has one 
unit of positive charge and a mass approximately the 
same as a neutron, approximately 2000 times the 
mass of an electron. 


PROTONATED AMMONIA — See ammonium ion. 


PROTOTYPE — An initial implementation of a design 
used to test principles and concepts but not specifi- 
cally intended to exemplify a finished or production 
version of that design. 


In rocketry: For scale modeling, a prototype is the re- 
al rocket after which a model was patterned. 


PROVEN PILOT — See pilot (flame effect). 


PROXIMATE AUDIENCE — Any audience or group of 
spectators, present at an indoor venue where pyro- 
technics or flame effects are used, or at an outdoor 
venue when spectators are closer to burmming pyro- 
technic devices than the minimum required for out- 
door firework displays. In the US, the distances for 
firework displays are those specified in NFPA-1123, 
“Code for the Outdoor Display of Fireworks”. In 
most cases in the US, the closest spectators at a fire- 
work display are allowed to even relatively small 
firework devices is 75 feet (23 m). In contrast, the au- 
dience at a performance using proximate audience py- 
rotechnics may in some cases be much closer. In the 
US, the distances for proximate audience performances 
are those specified n NFPA-1126, “Standard for the 
Use of Pyrotechnics before a Proximate Audience” In 
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some cases in the US, spectators are allowed only 15 
feet (4.6 m) from proximate audience pyrotechnics. 


An example of a proximate audience might be those 
persons attending a rock concert in which pyrotech- 
nic special effects are incorporated. In the NFPA 
standard, spectators include the audience (if present), 
performers and performance crew members. Firing 
crew members are not included as spectators for the 
purposes of the NFPA standard. One part of the per- 
mitting process is the submission of a proximate au- 
dience pyrotechnic plan (see performance plan) to 
the authority having jurisdiction. 


PROXIMATE AUDIENCE FLARE — See flare, proxi- 
mate audience. 


PROXIMATE AUDIENCE PYROTECHNICS — (Also 
proximate pyrotechnics, theatrical pyrotechnics, pyro- 
technic articles or articles pyrotechnic) — One of the 
many types of special effects. This includes any pyro- 
technic product used indoors with spectators present, 
and any pyrotechnic product used outdoors with spec- 
tators present at distances less than the separation dis- 
tance required for the use of fireworks. In the US, for 
firework displays, the distance is specified in NFPA- 
1123, “Code for the Outdoor Display of Fireworks”. 


In the US, it is a requirement that proximate audience 
pyrotechnics must be 1.4 explosives and must be made 
according to prescribed specifications (APA 87-1, 
“Standard for Construction and Approval for Trans- 
portation of Fireworks, Novelties, and Theatrical Py- 
rotechnics”’). 


Some examples of proximate audience pyrotechnics 
include all of the various theatrical preloads (e.g., a 
gerb, mine, whistle, waterfall, flame projector and 
bullet hit) and all of the various effects produced using 
binary pyrotechnic systems (e.g., a puff pot, flash pot 
and concussion mortar). 


PROXIMATE AUDIENCE PYROTECHNICS PLAN — 
See performance plan. 


PROXIMATE AUDIENCE SPECIAL EFFECT —- See 
special effect (theatrical special effect). 


PROXIMATE AUDIENCE SPECTATORS -— See specta- 
tors. 


PROXIMATE PYROTECHNICS — See proximate audi- 
ence pyrotechnics. 
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PRRP and PRR PARTICLES — Abbreviation for py- 
rotechnic reaction residue particles. 


PRS — Abbreviation for the Pacific Rocket Society. 


PSEM -— Abbreviation for pyrotechnic special effects 
material. 


psi, psia and psig — Abbreviation for pounds (force) 
per square inch, pounds per square inch absolute, and 
pounds per square inch gauge, respectively. 


PSN — Abbreviation for proper shipping name. 


PSYCHOPHYSICS — The branch of psychology that at- 
tempts to elucidate the relationship between stimulus 
and a resulting perception. It potentially provides in- 
sights into the ways in which the physical effects 
produced by fireworks generate the sights and sounds 
experienced by the spectators. 


PSYCHROMETER — An instrument that measures hu- 
midity from the difference in the temperature readings 
displayed by two liquid-in-glass thermometers, one of 
which has its bulb kept dry while the other has its bulb 
kept wet with a thin film of distilled water, typically 
supplied by means of a cloth cover dipping into a res- 
ervoir of water. Psychrometers are typically either 
‘sling’ or ‘fan’ types. 


A sling psychrometer has the two thermometers, 
mounted on a common support having a handle with 


To operate the instrument, it is whirled through the air, 
producing an airflow of about 5 m/s (16 ft/s), thus en- 
couraging the evaporation of water from the wet bulb. 
This evaporation continues until the wet-bulb’s tem- 
perature has been lowered to the dew point. Humidity 
determination begins by noting the dry bulb tempera- 
ture and the difference between the temperatures indi- 
cated by the wet- and dry-bulb thermometers. The hu- 
midity can then be determined by consulting a table, 
such as presented below on the right for a specific dry- 
bulb temperature (in this instance for 20 °C, 68 °F), a 
humidity slide rule (as shown above, lower), or a psy- 
chometric chart. 
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A fan psychrometer is simi- 
lar in its operation. Typical- 
ly, it is encased and has a 
fan that draws air over the 
wicking element. This al- 
lows for continuous opera- 
tion in which the tempera- 
tures of the thermometers 
may be determined without 
any setup or delay. The de- 
termination of the humidity 
is otherwise the same as for 
the sling type of psychrometer. 


If barometric pressure is known, the absolute water 
content of the air can also be determined. 


High humidity will slow the rate of drying of water- 
moistened pyrotechnic compositions and materials. 
Thus, in drying rooms (or buildings), often it is nec- 
essary to control the humidity through dehumidifica- 
tion, heating, air exchange or a combination of these. 
To do this most efficiently, it is necessary to monitor 
the humidity using some type of measurement device 
(e.g., a psychrometer or another type of hygrometer). 


PT — Acronym for the publication Pyrotechnica. 
PTFE — Abbreviation for polytetra-fluoroethylene. 
PTS — Abbreviation for permanent threshold shift. 
PU — Abbreviation for polyurethane. 


PUBLIC FIREWORK DISPLAY — A planned outdoor 
display of fireworks to which the public may or may 
not be specifically invited. In the US, the standard 
NFPA-1123, “Code for Fireworks Display” expresses 
the industry’s standard of care and has been adopted 
in most jurisdictions. 


PUBLIC HIGHWAY — Any street, road or highway used 
by the general public for vehicular travel. 


PUBLIC SAFETY — The management or regulation of 
materials and their use in such a way that they reduce 
the general risks to the public usually associated with 
those materials. This is a very abstract and subjective 
concept that is provided for by many regulations, es- 
pecially on the state and local level in the US. If a pub- 
lic safety official deems a material, device or practice 
to be a risk to public safety, despite there being no 
specific regulation or statute regarding it, that official 
can and often will restrict or completely ban it. 
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PUFF POT — A small special effect appliance, similar flash pot effect was approximately 0.2 second, while 
to a flash pot but shorter and wider. The design of a this puff pot effect lasted for just over 3 seconds. 


typical puff pot is illustrated below in cross section. 
Theatrical Flash Powder Large 
— Diameter 
~3" dia. ny Heavy-walled 
Steel Tube “s 
Hole for 
Weld a i a Electric 
" Pw : Match 
t Substantial Base 

An example of an especially light-weight puff pot is 
shown below. 


Photo Credit: Tom DeWille 


A larger and stronger version of a puff pot used to 
produce larger and more intense effects may be de- 
scribed as a coliseum pot. When powerful audible ef- 
fects are intended, a concussion mortar, with its great- 
er confinement and much thicker walls, must be used. 


Because of its short, wide design, a puff pot tends to 
produce an effect that is relatively wide and low in 
height. The examples of puff pots burning small 
amounts of gold (yellow) and red theatrical flash 
powder are shown below. In these examples the 
height of the effect produced is no more than a few 
feet (~1 m), not considering the rising smoke. 


PULLING CRACKER — A term that is sometimes various- 
ly applied to a Christmas cracker, the cracker snap 
used in a Christmas cracker and a pulling firework. 


PULLING FIREWORK -— (Also pull trick or booby trap 
fireworks) — A type of novelty (so classified in the 
US because of its very small pyrotechnic content) 
that produces a small explosive bang when the two 
ends of a string leading from the device are pulled 
away from each other. An example of this type of 
novelty is shown below. 


Photo Credit: Tom DeWille Hp qe 


A puff pot is usually loaded with a relatively small 7 fi. < : é \ 
amount of theatrical flash powder or other non-flash “al PEEEEEEEHH | 
powder (e.g., granular Black Powder), and the effect | = 
produced may be little more than a momentary puff Ror 


if Seseee 
of smoke. Puff pots may be used by stage magicians Eee eee 
to help conceal their actions. mat t 


When a similar effect that extends to a greater height 

than can readily be achieved with a puff pot is need- 

ed, a flash pot can be used. A comparison between 

the appearances of a flash pot (upper) and a puff pot 

(lower), with the scale of the two sets of images be- The internal construction of the device is illustrated 

ing the same is shown below. The duration of the below in cross section. The friction-sensitive compo- 
sition is often either a type of Armstrong’s mixture or a 
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similar composition based on potassium chlorate, an- 
timony(IID sulfide and red phosphorus. Compositions 
containing arsenic(II) sulfide have been used in the 
past. 


Paper Tube 


Friction Sensitive String 


Pyrotechnic Composition 
PULL MATCH -— See match, pull. 


PULL STRING (device) — Any of a collection of con- 
sumer firework devices that are initiated by pulling 
an attached string, for example, pulling firework and 


party popper. 


PULL-STRING CRACKER and PULL TRICK — See 
pulling firework. 


PULL-WIRE FUSE IGNITER — See fuse igniter, blasting 
safety. 


PULL-WIRE IGNITER — A pyrotechnic ignition system 
activated by the friction produced by forcefully pull- 
ing a specially-coated wire through a pellet of match- 
head composition. These igniters are used in one type 
of blasting safety fuse igniter and other manually- 
ignited pyrotechnic devices. A review of the histori- 
cal development of pull-wire igniters, and details of a 
type particularly well suited for the ignition of pyro- 
technic distress signals, is given in US Patent 
5,313,888 granted to American inventor Brian D. 
Martin in 1994. 


Compositions for pull-wire igniters are similar to 
those used for safety matches. Typically, one compo- 
sition (corresponding to the striker composition) is 
coated on a wire bent in a zigzag pattern. A second 
composition (corresponding to the match-head com- 
position) is compressed into the bottom of a small 
metal cup. These two components are shown below. 


When the wire is pulled through the cup, the striker 
and match-head compositions are brought into inti- 
mate contact and friction between them ignites the 
match head composition. A fully assembled and a 
disassembled pull-wire igniter, such as would be used 
to light blasting safety fuse, is shown below. A staple 
across the left end of the paper tube holds the wire 
and cup in place. The barbed metal sleeve on the 
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right receives and holds the fuse in place for ignition 
while the wire is pulled. 


Baten SHEESH 


ae 


Pull-wire igniters are also used for ignition of a variety 
of other pyrotechnic items, such as distress flares and 
military signaling devices. 


Pull-wire igniter composition: Some compositions that 
can be used in pull-wire igniters (Ellern, 1968) are 


presented below. Formulations 1 and 2 are match- 
head compositions, either of which can be used by 
pressing it into the small copper cup of a pull-wire 
igniter. Formulations 3 and 4 are match-striker com- 
positions, either of which can be used by coating it 
onto the metal wire of a pull-wire igniter. 


Formulation >| Parts by Weight 
Ingredient | 


PULSE ROCKET MOTOR — See rocket motor, dual- 
thrust. 


PULVERONE -— See polverone. 
PUMPED COMET -— See comet type. 


PUMPED STAR — See star manufacturing (fireworks) 
(pressed star). 


PUNK — A device used to ignite fireworks, consisting 
of a thin, wooden stick coated with a mixture of fine 
sawdust, potassium nitrate, a binder and sometimes 
other ingredients. The wooden stick burns away in a 
smoldering fashion as the composition burns. A punk 
can burn for a long time, depending on its size. The 
design of a punk is similar to that of stick incense 
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(1.e., a joss stick), except the formulation usually does 
not contain any strong-smelling resin or perfume. 
Punks of two sizes are shown below, with the larger 
being approximately 14 inches (350 mm) long. A punk 
is effective for igniting touch paper or Chinese tissue- 
paper fuse but is far less effective for igniting visco 
fuse. 


PUPPADELLA or PUPATELLA — (Also poob-a-dell) — 
(from Italian, puppa, meaning baby or little doll) — A 
small insert or secondary shell in a shell of shells. 
The insert shells are dispersed in a ring when the 
main shell explodes, typically, with the insert shells 
all made to burst at the same time. 


PURGE — To rid a line or tank of residual fluid, espe- 
cially of fuel or oxygen in the tanks or lines of a liq- 
uid-fueled rocket after a test firing. 


PURITY, COLOR FLAME — See color measurement 
(color purity). 


PURKINJE EFFECT — Under conditions of dim illu- 
mination, the human eye is comparatively less sensi- 
tive to light of longer wavelengths. This was noted in 
1819 by Czech anatomist and physiologist Jan Evan- 
gelista Purkyné (1787-1869; also written Johannes 
Evangelist Purkinje). For example, at night, red ap- 
pears darker than blue even though they are per- 
ceived to have the same brightness under well-lit 
conditions. 


PURPLE FLAME CHEMISTRY — See colored-flame 
chemistry. 


PUSHER — See driver. 
PVA or PVOH — Abbreviation for polyvinyl alcohol. 
PVC — Abbreviation for polyvinyl chloride. 


PVC MORTAR — See mortar (fireworks). 


PV WORK — The work performed by the expansion of 


a gas, such as that produced in an explosion. The 
work (w) performed by gas expansion is equal to the 
change in the product of pressure (P) and volume (V): 
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w=A(P-V) 


Work is force times distance, which has the units of 
force times length and is the same as pressure (force 
per area) times volume: 


[eee : (Length’ ) = Force - Length 

Length 

PYRO — Jargon for pyrotechnician or pyrotechnist, a 
person involved in the activity of making or using py- 
rotechnics. Although it is most commonly used to refer 
to a firework display operator and crew, or to a pyro- 
technic special effects operator, it may also refer to a 
scientist or engineer who designs devices and formu- 
lations for the pyrotechnic industry or the military. 


Pyro is also jargon for pyrotechnic devices and pyro- 
technic materials in general. 


PYRO-ADHESIVE — A bonding agent traditionally used 
to seal visco fuse into exploding fireworks, and to glue 
end plugs and fuses into tubes. Pyro-adhesive was also 
commonly used in the US in the first half of the 20™ 
century to attach small mortar tubes onto wooden ba- 
ses. It was sometimes colored pink with a small quan- 
tity of red dye. 


Acommon formulation for pyro-adhesive is presented 
below (Degn, 1970). 


Ingredient Parts by Weight 


Pyro-adhesive has the desirable qualities of being in- 
expensive and rapid setting. It has the undesirable 
quality of degrading somewhat with time and of po- 
tentially producing hard fragments if used with ex- 
ploding fireworks. 


Traditional pyro-adhesive is not commonly used to- 
day, having largely been replaced by other adhesives, 
including hot-melt glue and common white glue. 


PYRO ALUMINUM, DARK -— See aluminum powder de- 
scription; aluminum powder manufacturing method 
and aluminum, German dark. 


PYROCELLULOSE — See nitrocellulose. 


PYROCHEMICAL — Refers to chemical reactions occur- 
ring at high temperatures, either reactions that gener- 
ate extreme heat or reactions that are the result of ex- 
posure to extreme heat. 
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PYROCLOCK® — A proprietary system for the precise- 
ly-timed ignition of fireworks, patented in 2006 by 
Italian inventors Carlo Monetti and Luigi L. P. 
Monetti (US patent 7,100,512) and manufactured by 
Italian company Monetti S.r.L. The Pyroclock® sys- 
tem is a type of timing bar, based on specially manu- 
factured delay elements. It is designed for firing 
quick match, but some other fuse types could also be 
used. The Pyroclock® system provides accurate, non- 
electric timing of the firing of a series of shells, mines 
or other pyrotechnic devices in firework displays. 


The basic components of the Pyroclock® system are 
shown below. 


To the extreme left (and difficult to see) is an adapter 
clip, referred to as a ‘quick match stopper’, used to 
secure the beginning and ending quick match segments 
into a housed delay element or into a chain of housed 
delay elements. Six of these housed delay elements 
are shown to the right of the quick match adapter. 


The delay elements consist of 
short lengths of Bickford-style 
time fuse with a heavy powder 
core and having color-coded 
wrappings to identify the de- 
lay time, as presented in the 
table at the right. 


Each delay element is enclosed 
in a substantial translucent 
plastic housing, called a ‘fuse 
holder’, constructed to permit 
the housed delays to be linked together to form a chain 
of whatever length may be desired. After trimming to 
a 45° angle, the end of the quick match leader of the 
item to be fired is inserted into a thin slot in the end 
of each delay element. The individual elements are 
then joined together, as shown below. 
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The Pyroclock® chain can be ignited with quick match 
(as shown above) or with an electric match inserted 
into the first delay element using the same adapter 
clip as used for quick match. The Pyroclock® system 
is widely used in Europe, but less so in the US. 


PYROCOTTON — See nitrocellulose. 


PYRODEX™ — A commercially-produced propellant 


composition intended for use as a replacement for 
Black Powder in antique weapons. Pyrodex is not a 
suitable substitute for Black Powder in most firework 
applications. In the past, compressed columns of Py- 
rodex were occasionally used for spinning or aerial 
propulsion of fireworks. 


Although formerly considered a trade secret, it is now 
believed that Pyrodex is composed of potassium ni- 
trate, potassium perchlorate, sodium benzoate, sulfur, 
charcoal and dicyan-diamide, bound with guar gum. 


PYROFILM — A pyrotechnic plastic incendiary compo- 


sition used during World War II for the rapid and com- 
plete destruction of paper documents. Pyrofilm was 
composed of equal parts of celluloid (i.e., nitrocellu- 
lose plastic) and finely ground sodium nitrate. It was 
first formed as a solid block of material and then sliced 
into sheets 0.03 to 0.06 inch (0.75 to 1.5 mm) thick. 
These sheets had the appearance of ordinary semi-rigid 
plastic sheets, such as might be used for the covers of 
notebooks, etc. Although Pyrofilm on its own burned 
steadily but feebly, the combination of Pyrofilm in 
immediate contact with a few sheets of typing paper 
burned intensely, thereby rapidly and effectively de- 
stroying the paper and any information written thereon. 


An example of the practical application of Pyrofilm 
was an ‘incendiary notebook’ for use in secret intelli- 
gence-gathering operations. Each notebook consisted 
of ten small sheets of 16-pound typing paper sand- 
wiched between two pieces of Pyrofilm in a spiral- 
bound booklet. When required, the notebook could be 
quickly and reliably ignited (and thus destroyed) with 
the aid an attached igniter referred to as an ‘incendi- 
ary pencil’, which contained a pellet of magnesium- 
based composition that ignited by the impact of a 
spring-driven striker. The igniter was about the size 
of a short fountain pen (roughly 0.5-inch in diameter 
by 4 inches long, 12 x 100 mm). Two sizes of incen- 
diary notebooks were produced, 3 x 4% inches (75 x 
108 mm) and 4 x 6 inches (100 x 150 mm). 


Pyrofilm was also used in incendiary briefcases and 
messenger pouches. 
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PYROFUZE™ — An unusual non-explosive fuse mate- 
rial patented (US 2,911,504) in 1959 by American in- 
ventor James Cohn based on an alloying reaction of 
palladium or platinum with aluminum or magnesium. 
Pyrofuze consists of a composite wire or ribbon with a 
core composed of one metal (currently the 5056 alloy 
of aluminum, which consists of 95% aluminum, 0.12% 
manganese, 0.12% chromium and 5% magnesium) 
and an exterior cladding of another metal (currently a 
95:5 alloy of palladium and ruthenium). The wire 
form of Pyrofuze is illustrated below in cross section. 


Palladium Ruthenium 
Alloy (95:5) 


Aluminum Alloy 5056 


When heated to its minimum ignition temperature of 
approximately 1200 °F (650 °C), the wire undergoes 
a strongly exothermic alloying reaction, producing 
approximately 1360 kJ/kg of thermal energy. For 
comparison, this is more than 20% of the energy re- 
leased in the detonation of nitroglycerin and nearly as 
much as in the detonation of mercury(II) fulminate. 
The rate of energy production is very much lower, so 
Pyrofuze is non-explosive. 


The alloying reaction propagates quickly along the 
wire with a reaction temperature of approximately 
5000 °F (2800 °C). The series of images below span 
a time interval of 0.2 second, during which approxi- 
mately 2.5 inches (60 mm) of 0.008-inch (0.2 mm) 
diameter Pyrofuze wire was consumed. It was ignited 
with a propane torch, but the torch flame is not visi- 
ble: the unreacted Pyrofuze wire can barely be seen 
extending to the right in the images. 
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The above images were exposed at 1/60 second at times 
corresponding to 0.000, 0.017, 0.100 and 0.200 second. 
Thus, the propagation rate of this sample of Pyrofuze 
was approximately | foot per second (300 mm/s). 


Pyrofuze is used in specialized aerospace and indus- 
trial applications. It can also be used as a high-speed 
circuit breaker in an electric circuit. This is possible 
because Pyrofuze can be ignited by the passage of an 
electric current. The minimum igniting current re- 
quired is a function of both the ambient conditions and 
the diameter of the Pyrofuze wire, which currently 
ranges from 0.0015 to 0.020 inch (0.038 to 0.50 mm). 
The minimum initiation current for a 0.008-inch (0.2 
mm) diameter Pyrofuze in air is 3 amperes. 


Pyrofuze is not known to have been used in either 
consumer fireworks or display fireworks. It is used in 
special effects as a source of ignition or for spark 
production. A series of images, spanning a time in- 
terval of approximately 0.06 second, is shown below. 
In this case, an approximately 2-inch (50 mm) length 
of 0.008-inch (0.2 mm) diameter Pyrofuze is being 
ignited by the passage of an electric current of ap- 
proximately 10 amperes. 


The makers of Pyrofuze emphasize that its reaction is 
not of an explosive or pyrotechnic nature, but they 
describe its propagation as a deflagration. By almost 
any definition, Pyrofuze and its reaction would not be 
considered explosive. By the definition of a deflagra- 
tion adopted for this text, its reaction is not a defla- 
gration (i.e., it produces no mildly explosive pressure 
effect). The reaction of Pyrofuze is not typical of py- 
rotechnics, as it is not a reaction between a fuel and 
oxidizer. Nonetheless, by the most commonly used 
definition of pyrotechnic (and that used in this text), 
it is a pyrotechnic, as it can undergo a self-contained 
and self-sustained exothermic chemical reaction. 


PYROLANT or PYROGEN — An energetic material typi- 


cally composed only of fuel and oxidizer components. 
Pyrolants are used primarily for the purposes of gen- 
erating heat, reactive combustion products and/or gas 
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pressure. Pyrolants are not specifically used for gener- 
ating propulsive and destructive forces or other pyro- 
technic effects such as the production of light or sound. 
Whether a composition is referred to as a pyrolant is 
usually determined by its performance in a system or 
by the chemical nature of the composition itself. 


boron-potassium nitrate pyrolant— (Abbreviated 
B-KNO3 pyrolant) — A heterogeneous pyrolant com- 
posed of boron [B] particles and potassium nitrate 
[KNO3]. It may be used as an igniter for composite 
rocket propellants, as in the formulation presented 
below (Ellern, 1968). 


Ingredient Parts by Weight 


Potassium nitrate 


a) Rounded to the nearest percent. 


boron-barium chromate pyrolant — (Abbreviat- 
ed B-BaCrOz pyrolant) — A heterogeneous pyrolant 
composed of boron [B] particles and barium chro- 
mate(IV) [BaCrO.]. It may be used as a delay com- 
position (formulations 1 and 2, presented below), 
where the burn rate is controlled by carefully varying 
the ingredient ratio. (Ellern, 1968). 


Formulation —}| Parts by Weight 
Ingredient, ty) |) | 


Boron (amorphous) | 


heterogeneous pyrolant — A pyrolant with a dis- 
continuous physical structure consisting of two or 
more distinct components. A typical heterogeneous 
pyrolant is a mixture of oxidizer particles and fuel 
particles, such as the mixture of potassium nitrate and 
boron. Other types of heterogeneous pyrolants are 
composed of metal particles and polymeric materials 
such as magnesium and polytetrafluoroethylene (i.e., 
Teflon™), 


homogeneous pyrolant — A pyrolant with a con- 
tinuous physical structure consisting of a single com- 
ponent, or two or more intimately combined compo- 
nents. A typical homogeneous pyrolant is a mixture 
of nitrocellulose and nitroglycerin. Similar to a dou- 
ble-base propellant, the combustion products of a 
homogeneous pyrolant are gaseous except for some 
minor soot formation. 


Magnesium-Teflon pyrolant — (Abbreviated MG- 
TF pyrolant)— A heterogeneous pyrolant composed of 
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magnesium particles and polytetrafluoro-ethylene 
(Teflon™) used as an igniter of composite rocket 
propellants. 


PYROLUMIKINETICS — A term coined by German- 


Australian artist Peter Gene Budarick, and first pub- 
lished in 1988, to denote ‘a true fine art of fireworks 
in which no commercial compromises are made’. In 
Budarick’s words, “pyrolumikinetics comprises the 
art of composing reproducible progressions of large- 
scale kinetic light forms, to be displayed in the night 
sky, articulated and coordinated in space and time, to 
create patterns, sequential developments, visual har- 
monies, audio-visual rhythms and climaxes, with the 
object of conveying a profound aesthetic experience 
to the spectator. ... pyrolumikinetics can be con- 
ceived as a kind of visual music, using only pyro- 
technically generated visual phenomena and sounds”. 
A pyrolumikinetic performance may, but does not 
necessarily, include music. 


PYROLUSITE — See manganese(IV) oxide. 


PYROLYSIS — Literally means the breakdown (lysis) of 


a material by fire (pyro). Technically, it is the de- 
composition or transformation of a chemical com- 
pound as a result of heating or burning, typically in 
the absence of oxygen. When a pure organic com- 
pound is completely pyrolyzed, only carbon residue 
remains; this process is also termed carbonization. 


PYROMETER -— (pronounced pahy-rom'-i-ter) — Any 


instrument used to measure temperatures above about 
600 °C (1100 °F). 


absorption-emission pyrometer — A type of py- 
rometer used to determine the temperature of a gas. 
This is accomplished by measuring the intensity of 
radiation emitted by a calibrated radiation source be- 
fore and after the radiation has passed through the gas 
and has been partially absorbed by it. 


PYRONITE — See methy/-tetranitro-aniline. 


PYRONOL TORCH — A pyrotechnic cutting torch, de- 


veloped in the early 1970s by American inventors 
Horace H. Helms, Alexander G. Rozner and Dana E. 
Spencer for the United States Navy for use in under- 
water clearing and salvage work. A schematic dia- 
gram of a Pyronol torch is illustrated below in cross 
section. 
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Nozzle Refractory Loose 
Duct Nozzle Composition 


Electric 
a = -: Match 
ACE VAS els 
ESF aP OTT RAST 
Rupture Lashes Annular ‘— Refractory 
Disk Pellets of — Lining 


Composition 
Illustration credit: Re-drawn from US Patent 3,713,636 


In operation, the torch is clamped so that the rupture 
disk faces the metal that is to be cut. Applying a current 
to the electric match ignites the loose composition, 
which in turn ignites the stacked pellets producing 
molten metal, liquid slag and hot gas. Build-up of 
pressure in the casing quickly results in the bursting 
of the rupture disk, allowing the projection of jets of 
intensely hot molten metal and slag from five small 
ducts in the refractory nozzle. The combined jets can 
cut through substantial thicknesses of metal in less 
than a second. 


The original Pyronol torch uses a combination of an 
alloying reaction and a Goldschmidt reaction. The al- 
loying reaction is between equimolar quantities of 
nickel and aluminum: 


Ni + Al > NiAl AH = — 58.9 kJ at 25 °C 


This reaction generates about 687 kJ/kg. It is reported 
(US Patent 3,503,813) that a compressed pellet com- 
posed of a mixture of the two metal powders in stoi- 
chiometric proportions is capable of a strongly exo- 
thermic reaction producing molten NiAl at tempera- 
tures exceeding 1700 °C. 


The Goldschmidt reaction between aluminum and 
iron(II] oxide is: 


Fe.03; + 2 Al > AlO3 + 2 Fe 
AH = — 852 kJ at 25°C 


This reaction generates approximately 4,000 kJ/kg 
and produces liquid aluminum(III) oxide and molten 
iron. The temperature of the reaction products is es- 
timated at between 2400 and 3200 °C, but the higher 
value seems unlikely, as the temperature would be 
limited by the boiling point of iron, ~ 2800 °C. 


The original Pyronol torch composition (US Patent 
3,695,591) contained Al, Ni and Fe203 in the molar 
ratios 3:1:1, as required for each of the above reac- 
tions to occur to the same extent, with the addition of 
powdered PTFE (polytetrafluoroethylene, 5 to 10% 
of the total) as a gas generator. A later patent (US 
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4,424,086) by American inventor Glenn B. Christo- 
pher disclosed a composition that consisted only of 
aluminum, iron(II) oxide and PTFE, and therefore 
the Ni-Al alloying reaction could not have been in- 
volved. The composition was said to be more effec- 
tive than one in which the alloying reaction did oc- 
cur, particularly at the high pressures associated with 
deep-sea operations. Examples of compositions for 
Pyronol torches are presented below: 


a) PTFE is Polytetra-fluoroethylene. 
1 to 3) US Patent 3,695,591, 1972 
4) McLain 1980. 5) US Patent 4,424,086, 1984. 


PYROPHORIC — The near instantaneous, spontaneous 


ignition of a substance upon contact with air; it is not 
pyrotechnic in nature because it is accomplished us- 
ing atmospheric oxygen. (Contrast with hypergolic.) 


Many freshly-prepared metal powders, if the particles 
are fine enough, are pyrophoric. Some pyrophoric met- 
als will produce a large fireball if a very fine powder 
(i.e., dust) is simply dispersed into the air as a cloud, 
such as might be achieved by lofting some powder in- 
to the air. Some metals that can be pyrophoric include 
zirconium, titanium, magnesium, cerium, a variety of 
rare earth metals and iron. Even such apparently un- 
reactive metals as lead can react pyrophorically if the 
particles are small enough. (See Glassman’s criterion.) 


The sparks produced in a flint lighter are produced by 
scraping a hardened steel abrasive wheel against a 
small cylinder of a material described as ‘ferrocer- 
ium’. Despite the name, the ferro-cerium of com- 
merce is an alloy of about 75% iron, 18-19% misch- 
metal (an alloy of cerium, lanthanum and some other 
lanthanide metals) and 34% percent magnesium. A 
small percentage of magnesium oxide and iron oxide 
is included to increase the hardness of the alloy. 


Abrasion of this alloy produces some very fine parti- 
cles which, on contact with air, spontaneously ignite 
producing hot sparks that will easily ignite flammable 
gases. It is debatable whether the particles produced 
in this manner are truly pyrophoric because the fric- 
tional energy used to produce them presumably con- 
tributes to their ignition. 
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Some substances that are said to be potentially pyro- 
phoric, even when not finely divided, include ele- 
mental lithium, sodium, potassium, rubidium, caesium, 
calcium, strontium, barium and white (yellow) phos- 
phorus. 


Regulatory definition: The US Department of Trans- 
portation defines a liquid or solid substance as pyro- 
phoric when, even in small quantities and without an 
external ignition source, it can ignite within 5 
minutes after coming into contact with air. 


pyrophoric liquid — According to the Globally 
Harmonized System of Classification and Labeling of 
Chemicals, a liquid that, even in small quantities, is 
liable to ignite within five minutes after coming into 
contact with air. 


pyrophoric solid — According to the Globally 
Harmonized System of Classification and Labeling of 
Chemicals, a solid that, even in small quantities, is li- 
able to ignite within five minutes after coming into 
contact with air. 


PYROPHORIC ARTICLES -— See articles, pyrotechnic. 


PYRO POWDER - Straight nitrocellulose powder; a sin- 
gle-base propellant. A smokeless propelling charge 
that consists of a type of nitrocellulose that has lower 
nitrogen content than guncotton (see nitrocellulose). 


In the 1970s, a supplier of literature and materials for 
use by hobbyists to make fireworks described a mix- 
ture of potassium chlorate and charcoal (essentially 
H3 burst charge or powder) as “pyro powder’. 


PYROTECHNIC — (adjective) — (From the Greek: pyros, 
meaning fire, and tekhne, meaning the art or craft of) — 
In the US and some other countries, the noun phrases 
“pyrotechnic devices’ and ‘pyrotechnic compositions’ 
are used to describe those devices and compositions 
that are capable of undergoing a self-contained and 
self-sustained exothermic chemical reaction for the 
production of heat, light, gas, smoke and/or sound. 
Pyrotechnic compositions are composed of solids. 


In Europe, it is common to use a wider definition that 
is more nearly consistent with historical usage (see 
pyrotechnics). 


PYROTECHNICA — (Abbreviated PT) — A technical 
journal that was an “irregularly appearing serial dedi- 
cated specifically to the fireworks art, craft and sci- 
ence”. An example is shown below. 
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PYROTECHNICA e XV 


Occasional Papers in Pyrotechnics 


i \ 
August 1993} ‘ \ $30:00 


Photo credit: M. Miner, courtesy Pyrotechnica Publications 


Seventeen issues appeared between 1977 and 1997, 
over which time the publication grew considerably in 
both length and quality. It was, and still remains, an 
extremely valuable source of information on all as- 
pects of fireworks. 


PYROTECHNICALLY-ACTIVATED TOY — See specialty 
item (fireworks). 


PYROTECHNIC ACTUATOR — See actuator, explosive. 


PYROTECHNICALLY-DRIVEN, NON-PYROTECHNIC 
FLAME EFFECT - See flame effect. 


PYROTECHNIC ARTICLES — See articles, pyrotechnic 
and proximate audience pyrotechnics. Also see 
Globally Harmonized System of Classification and 
Labeling of Chemicals. 


PYROTECHNIC ASSISTANT — See assistant, pyrotech- 
nic. 


PYROTECHNIC AUTOIGNITION — See autoignition, 
pyrotechnic. 


PYROTECHNIC BURNING — See burning, pyrotechnic. 
PYROTECHNIC BURN TYPE — See burn type, pyro- 


technic. 
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PYROTECHNIC CABLE RELEASE — See cable release, 
pyrotechnic. 


PYROTECHNIC CHLORINE GENERATOR — See chilo- 
rine generator, pyrotechnic. 


PYROTECHNIC COLORED-FLAME CHEMISTRY — 
See colored-flame chemistry. 


PYROTECHNIC COMBUSTION — See burning, pyro- 
technic. 


PYROTECHNIC COMPONENT - See insert (fireworks). 


PYROTECHNIC COMPOSITION — (Also comp, compo- 
sition, pyrotechnic material or pyrotechnic mixture) — 
Any mixture of solids that is capable of undergoing a 
self-contained and self-sustained exothermic chemi- 
cal reaction for the production of heat, light, gas, 
smoke and/or sound. In effect, this is any combina- 
tion of chemical substances capable of burning in the 
absence of air or other external sources of oxygen. 


This definition includes certain compositions in which 
two or more metals undergo exothermic, self- 
sustaining alloying reactions. See Pyrofuze™. 


PYROTECHNIC DEVICE — A device, containing a mix- 
ture of solids, capable of undergoing, upon initiation, 
a self-sustained exothermic chemical reaction that 
produces a useful effect such as light, sound or work. 
Examples of civilian pyrotechnic devices include 
fireworks, highway flares, safety matches and com- 
posite rocket propellants. There are military analogs 
to each of these types of civilian items. 


Except as exempted by regulation, pyrotechnic de- 
vices are classed as explosives, even though many do 
not operate by explosion. 

PYROTECHNIC DIODE - See fuse diode. 


PYROTECHNIC DISPOSAL — See disposal, pyrotech- 
nics. 


PYROTECHNIC EFFECT -— See special effect. 


PYROTECHNIC ENGINE STARTER —- See engine 
starter, pyrotechnic. 


PYROTECHNIC FASTENER - See explosive bolt. 


PYROTECHNIC FIRE EXTINGUISHER — Sce fire ex- 
tinguisher, pyrotechnic. 
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PYROTECHNIC FLAME EFFECT - See flame effect. 


PYROTECHNIC FORMULATION or PYROTECHNIC 
FORMULA — A recipe for a pyrotechnic composition. 
Such recipes are often given in percentage by weight 
of the various ingredients but may also (especially 
from older sources) simply be given as parts by weight. 


PYROTECHNIC FUSE CUTTING — See fuse cutting, 
pyrotechnic. 


PYROTECHNIC GAS GENERATOR - See gas genera- 
tor, pyrotechnic. 


PYROTECHNICIAN -— A relatively recent term for a 
person who is licensed to use pyrotechnic devices. 
The term pyrotechnician implies a high degree of 
specialized training, especially in matters of safety 
and in the use of pyrotechnic devices. Such a person 
may, and commonly does, lack knowledge of exactly 
how the devices work or of the details of their chemi- 
cal composition and construction. 


The term pyrotechnician is common in the context of 
the use of pyrotechnic devices in the motion picture 
industry and in stage productions. The term pyro- 
technician contrasts to some extent with the term py- 
rotechnist. A pyrotechnist is a person with a relatively 
deep and thorough knowledge of the craft and sci- 
ence of pyrotechnics, but who may or may not have 
undergone the formal training and licensing required 
to be officially permitted to undertake the skilled and 
safe use of pyrotechnic devices. 


PYROTECHNIC IGNITER — See electric match and 
pull-wire igniter. 


PYROTECHNIC IGNITION — See ignition (pyrotechnic). 

PYROTECHNIC ITEM — A device designed and used to 
produce heat, light, smoke, motion or sound by pyro- 
technic means. 

PYROTECHNIC MAGIC DEVICE — See magic device. 


PYROTECHNIC MATCH - See match, pyrotechnic. 


PYROTECHNIC MATERIAL and PYROTECHNIC MIX- 
TURE — See pyrotechnic composition. 


PYROTECHNIC MISFIRE — See misfire. 


PYROTECHNIC MOTOR - See motor, pyrotechnic. 
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PYROTECHNIC NITROGEN GENERATOR - See nitro- 
gen generator, pyrotechnic. 


PYROTECHNIC OPERATOR — The person in charge of 
a performance using pyrotechnics; the term can refer 
to a firework display operator or to a pyrotechnic 
special effects operator. 


PYROTECHNIC PREPPING AREA — See prepping area, 
pyrotechnic. 


PYROTECHNIC PRIME — See prime. 


PYROTECHNIC REACTION RESIDUE PARTICLES — 
(Abbreviated PRRP or PRR particles) — Tiny parti- 
cles of the products of a pyrotechnic reaction. The 
collection and analysis of pyrotechnic reaction resi- 
due particles (PRRP) can reveal important information 
about the cause and course of a pyrotechnic event, 
whether planned or accidental. This information is 
often beyond the reach of conventional micro- 
analytical chemistry. The collection and analysis of 
PRRP has been used in both civil and criminal inves- 
tigations of events involving the use of pyrotechnics. 


In essentially every case, pyrotechnic reactions gen- 
erate sufficient thermal energy to produce molten re- 
action products. Further, in the vast majority of cases, 
some temporarily vaporized reaction products are also 
generated, usually along with some permanent gases. 
Assuming the pyrotechnic reaction is somewhat vig- 
orous, the temporary and permanent gases disperse 
the molten and condensing reaction products as rela- 
tively small particles. These PRRP are then deposited 
on the surfaces of objects in the immediate area of 
the pyrotechnic event. 


PRRP_ morphology: The size of PRRP varies from 
several hundreds of micrometers (i.e., microns) down 
to considerably less than one micrometer. The distri- 
bution of particle size depends on the nature of the 
pyrotechnic composition and the conditions under 
which they were produced. Explosions tend to pro- 
duce only relatively small particles (i.e., smoke), 
whereas mild burning tends to produce a wider parti- 
cle-size distribution, including many larger particles. 


Because of surface tension, PRRP that were molten 
and then solidified while airborne will be spherical 
(or at least spheroidal) in shape. The collection of 
scanning electron micrographs below demonstrates 
the appearance of some PRRP in the range from ap- 
proximately 10 to 20 micrometers in diameter. These 
particles were collected from a test surface that was 
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one foot (0.3 m) from an explosion produced using | 
ounce (28 g) of a firework flash powder. 
= . 


The PRRP sample collection was accomplished using 
a conductive, adhesive carbon dot, such as shown on 
the left below. The carbon dot (black) has been at- 
tached to a scanning electron microscope (SEM) 
specimen stub made of aluminum, appearing light 
gray in the photo and is being held in a brown plastic 
specimen holder. The arrangement shown on the 
right is a carbon dot, with its white protective cover- 
ing still in place, and attached to Velostat™ film. 
This configuration is useful for collecting PRRP from 
curved and irregular surfaces. 


Because this test was conducted with the explosive 
charge on the ground, soil particles were mobilized as 
a result of the explosion. Some of these soil particles 
were deposited on the test surface along with the 
PRRP. A collection of scanning electron micrographs 
of typical soil particles, again all in the range from 
approximately 10 to 20 micrometers is shown below; 
they exhibit an appearance substantially different 
from PRRP. 
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A collection of X-ray spectra for the six numbered 
items in the electron micrograph is presented below. 


Basics of PRRP analysis: Following the collection of 
PRRP from objects in the immediate area of a pyro- 
technic event, the analysis uses a scanning electron 
microscope (SEM) combined with X-ray energy dis- 
persive spectroscopy (EDS). The imaging capability of 
the SEM is used to search for and identify potential 
PRRP, based on their spherical morphology. These 
particles are then analyzed for their chemical ele- 
ments using EDS. The combination of morphologic 
characteristics and knowledge of the elemental con- 
stituents of suspect particles will identify PRRP, as 
opposed to other particles of non-pyrotechnic origin. 
Then a detailed knowledge of pyrotechnic chemistry, 
typically augmented with the analysis of PRRP from 
known pyrotechnic compositions, and possibly aug- 
mented with thermo-chemical free-energy-minimi- 
zation calculations almost always produces highly re- 
liable information about the source of the PRRP. This 
in turn will often produce information about the cause 
and course of events. 


(Counts per Channel) 1/2 


PRRP_ example: Consider a portion of the results 
from the investigation of a firework accident. A small 
portion of a specimen taken from the clothing of a 
burn victim is shown in the scanning electron micro- 
graph below. 


Energy (keV) 


Items 1 and 2 meet the morphological requirement for 
PRRP, and the X-ray spectra are a match with PRRP 
produced in the laboratory by the green burning pyro- 
technic composition from the firework alleged to have 
produced the injury. Thus, to a high degree of certi- 
tude, these are PRRP. 


Item 3 is clearly a fiber, most likely from the burn 
victim’s clothing. Its X-ray spectrum and low intensity 
is that expected for organic material, and thus is con- 
sistent with having originated from the victim’s 
clothing. Item 4 meets the general, morphological re- 
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quirement for PRRP, even though it is somewhat 
pointed on one end. However, its X-ray spectrum and 
intensity indicates it has an organic origin. Based on 
its appearance and spectrum, item 4 is most likely a 
piece of grass pollen. 


Part of the preparation of the sample was to sputter a 
very thin coating of gold onto the sample. (This, or 
carbon coating, is performed to allow proper imaging 
of samples.) For organic materials, such as items 3 
and 4, the count rate of the X-ray spectrum is very 
low, in which case the presence of the gold sputter- 
coating can be weakly detected. For inorganic mate- 
rials, such as all the other items, the spectral count 
rates are sufficiently great that the presence of the 
gold is not readily detectable. 


Item 5 has the appearance of a particle of geological 
origin and has an X-ray spectrum consistent with its 
being silica sand. This is the same as a large number 
of particles collected from the victim’s clothing at a 
point well separated from the site of the injury and 
near the cuffs of the victim’s jeans, where soil parti- 
cles are likely to be deposited. Thus, this particle 
most likely is silica. Item 6 has an indeterminate 
morphology, but an X-ray spectrum is consistent with 
silica sand. Because of the known presence of parti- 
cles of silica, this particle, too, is likely silica. 


That the PRRP on the victim’s clothing is consistent 
with that from the suspect firework is supportive of a 
conclusion that the injury was caused by that type 
firework. It is not absolute proof that this injury was 
produced by the suspect firework, because other 
fireworks could produce equivalent PRRP. In other 
instances, where the PRRP is found to be inconsistent 
with having been produced by a suspect item, that ef- 
fectively constitutes proof that the suspect item was 
not involved. Of course, this assumes the analytical 
work was properly processed and correctly interpreted. 


Historical: While the SEM / EDS method of analysis 
of PRRP dates to the 1970s, and even though it is ca- 
pable of producing important information not availa- 
ble using other methods, it is not commonly used 
even today, except for gunshot residue analysis. Pre- 
sumably this is primarily the result of SEM / EDS in- 
struments being quite expensive and their operation 
requiring special expertise. This results in their not 
being commonly available in routine analytical la- 
boratories. Also in many cases, a factor that limits the 
use of these techniques is the need for advanced 
knowledge of pyrotechnic chemistry to produce fully 
reliable results. 
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PYROTECHNIC REACTIVITY — A _ loosely-defined 
term that combines the concepts of sensitiveness (1.e., 
ease of ignition) and reaction rate. A pyrotechnic ma- 
terial that is either highly sensitive to accidental igni- 
tion or has an explosive reaction rate in a relatively 
small amount may be said to have high reactivity. A 
pyrotechnic material that is both highly sensitive and 
has an explosive reaction rate is likely to be described 
as very highly reactive (see chemical reactivity). For 
example: 


e Thermite would not be described as highly reactive 
because is it both quite difficult to ignite and it reacts 
relatively slowly. 


e Firework flash powder is often described as being 
highly reactive because, while it is not especially sen- 
sitive to accidental ignition, it has an explosive reac- 
tion rate even in relatively small quantity. 


e Armstrong’s mixture is often described as being very 
highly reactive because it is both very sensitive to ac- 
cidental ignition and it has an explosive reaction rate 
even in extremely small quantity. 


PYROTECHNICS (noun, plural) — (From the Greek: py- 
ros, meaning fire, and tekhne, meaning the art or craft 
of) — In the US and some other countries, pyrotech- 
nics is the science of materials capable of undergoing 
self-contained and self-sustained exothermic chemi- 
cal reactions for the production of heat, light, gas, 
smoke and/or sound. The term ‘pyrotechnics’ is a 
broad term not only describing a field of applied sci- 
ence, but also referring to devices and compositions 
based on that science. 


In Europe, a wider definition for pyrotechnics is com- 
mon. For example, Group De Travail De Pyrotechnie 
(1985) defines pyrotechnics to “include all knowledge 
acquired on explosive substances and the phenomena 
of combustion, deflagration and detonation, as well 
as techniques for the manufacture, implementation 
and use of those substances” or more succinctly, “all 
scientific knowledge and the means by which it is 
implemented in the field of explosives”. 


Historical: Historically, the definition of pyrotechnics 
was even wider, including such subjects as smelting, 
alloying and casting metals. For example, the text “The 
Pirotechnia of Vannoccio Biringuccio” published in 
1540 consists of ten short books (totaling a little less 
than 500 pages); nine books are devoted to metallur- 
gical topics and only one of the books addresses sub- 
jects we would today consider pyrotechnic in nature. 
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Note: The term ‘pyrotechnics’ is sometimes used 
quite narrowly, as a synonym for fireworks. ‘Pyro- 
technics’ is also occasionally used figuratively to re- 
fer to bombastic verbal outbursts in a public arena 
such as a courtroom, political rally or public meeting. 
It has also been used to describe flamboyant musical 
performances. Such uses sometimes appear when 
search engines on the Internet are seeking the terms 
‘pyrotechnics’ or ‘fireworks’. 


PYROTECHNICS GUILD INTERNATIONAL, INC. — 
(Abbreviated PGI or PGH) — An association of fire- 
work enthusiasts, both amateur and professional. The 
Pyrotechnics Guild was established in 1969, incorpo- 
rated in 1974 and has over 3500 members. The Pyro- 
technics Guild holds an annual convention and com- 
petition in various aspects of fireworks. For more in- 
formation see: www.pgi.org 


PYROTECHNIC SIGNAL -— See signal, pyrotechnic. 


PYROTECHNIC SMOKE GENERATOR — See smoke 
generator, pyrotechnic. 


PYROTECHNIC SPARK — See spark. 
PYROTECHNIC SPECIAL EFFECT — See special effect. 


PYROTECHNIC SPECIAL EFFECT MATERIAL — See 
special effect material. 


PYROTECHNIC SPONTANEOUS IGNITION — See 
spontaneous ignition. 


PYROTECHNIC SUBSTANCE (or MIXTURE) — Sce 
Globally Harmonized System of Classification and 
Labeling of Chemicals. 


PYROTECHNIC SULFUR DIOXIDE GENERATOR — 
See sulfur dioxide generator, pyrotechnic. 


PYROTECHNIC TIRE PATCH — See fire patch, pyro- 
technic. 


PYROTECHNIC TRAIN — See ignition train. 


PYROTECHNIC WASTE DISPOSAL - See disposal, py- 
rotechnic. 


PYROTECHNIC WELDING — See welding, pyrotechnic. 


PYROTECHNIC WHISTLE MECHANISM — See whistle 
mechanism, pyrotechnic. 
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PYROTECHNIST — A person having a relatively deep 
and thorough knowledge of the craft and science of 
pyrotechnics, and who is thus able to design and man- 
ufacture pyrotechnic devices and their formulations. A 
pyrotechnist would normally also have the knowledge, 
experience and licensing needed to exhibit or use py- 
rotechnic devices safely and in an artistically pleasing 
way. 


In contemporary usage the term ‘pyrotechnist’ con- 
trasts to some extent with the more recent term ‘pyro- 
technician’. A pyrotechnician is a person skilled in 
the use of pyrotechnics but not necessarily having de- 
tailed knowledge of their formulation, design and 
manufacture. 


PYROTECHNOLOGY -— Originally, a broad term for the 
use and control of fire, including the use of fire in re- 
fining and smelting metals. Recently, the word has 
been misused as an unneeded synonym for pyrotech- 
nics. 


PYROTECHNY — Originally, a broad term for the use of 
fire in the applied arts. Later, it became synonymous 
with pyrotechnics (the field of technology, as distinct 
from the devices). In this usage, the word was super- 
fluous, and consequently became uncommon. At the 
time when the word ‘pyrotechny’ was in common use, 
the word ‘pyrotechnics’ was often defined as ‘the art of 
making and using fireworks’. Over the years, ‘pyro- 
technics’ has acquired a much broader meaning; thus, 
it may be useful to revive the old term ‘pyrotechny’ 
to mean ‘the art of making and using fireworks’. 


PYROXYLIN — See nitrocellulose. 
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q — Symbol for dynamic pressure. See pressure, stag- 
nation. 


Q2G2™ (rocketry) — See electric igniter (rocketry) 
(model rocket igniter). 


Q-CORD — See igniter cord. 

Q/D — Abbreviation for qguantity/distance. 
QUADRISILICATE — See sodium metasilicate. 
QUALITY LEVEL — See acceptable quality level. 


QUANTIFICATION AND CONTROL OF THE HAZARDS 
ASSOCIATED WITH THE TRANSPORT AND STOR- 
AGE OF FIREWORKS - See CHAF. 


QUALIFICATION TEST — One or more tests performed 
on or with an item, system or lot to determine if it 
meets some specified requirement. 


QUANTITY DISTANCE — (Abbreviated Q/D) — For vari- 
ous quantities of pyrotechnic and explosive materials, 
there are distances that provide appropriate levels of 
protection from accidents. When this can be expressed 
mathematically, it is commonly referred to as a quanti- 
ty-distance formula. When a tabular listing is used, it 
is commonly referred to as a quantity-distance table. 
Meeting quantity-distance requirements have proven 
to provide an acceptable risk to life and property from 
the effects of a mass fire or an explosion. 


QUANTITY-DISTANCE FORMULA — (Abbreviated Q/D 
formula) — A mathematical formula that expresses the 
minimum required distance from explosive material 
to a specified type of location for a given type and 
weight (or mass) of explosive. The alternative is to 
use a quantity-distance table. 


QUANTITY-DISTANCE TABLE — (Abbreviated Q/D 
table) — (Also table of safety distances or table of dis- 
tances) — A table that lists the minimum required dis- 
tances from explosive material of various weights (or 
masses) to specified types of locations. Examples of 
some types of locations are magazines, highways, in- 
habited buildings and process buildings. In the US, 
the BATFE has established different tables for high 
explosives, blasting agents and low explosives. The 
data for producing these distance tables is based on 
experience (i.e., from actual accidents). 
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A few distances for various quantities of high explo- 
sives in the US are presented below. (The complete 
table is more extensive than that included here.) 


Quantity Distance (feet) 


a) Distance to inhabited buildings. 


b) Distance to public highways with traffic volume 3000 or 
fewer vehicles/day. 


c) Distance to passenger railways or public highways with 
traffic volume more than 3,000 vehicles/day. 
d) Distance between magazines. 


e) Distances for when the structure containing the explo- 
sive is barricaded. 


f) Distances for when the structure containing the explo- 
sive is unbarricaded. 


A few distances for various quantities of generic low 
explosives in the US are presented below. The com- 
plete table is more extensive than that included here. 


Quantity (Ibs) Distance (feet) 


a) Distance to inhabited buildings. 
b) Distance to public railroad and highways. 
c) Distance from above ground magazines. 


In addition to the above tables, other tables present 
the required distances for other specific explosive 
materials (e.g., fireworks and rocket motors) and be- 
tween various types of buildings on manufacturing 
sites within the US. These requirements are enumer- 
ated in the standards and codes specifically regulating 
those activities. 
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QUANTUM (plural is quanta) — The smallest possible 
increment of any physical entity (e.g., energy) that 
can participate in an interaction. For electromagnetic 
radiation, the quantum of energy is the photon. See 
quantum theory. 


QUANTUM CHEMISTRY -— That branch of chemistry 
dealing with the calculation of atomic and molecular 
structure and the chemical properties from quantum 
theory. 


QUANTUM MECHANICS — See quantum theory. 


QUANTUM THEORY -— (Also quantum mechanics) — A 
scientific theory, originally developed to account for 
the interaction of matter and radiation, and subse- 
quently applied to all phenomena on the sub-atomic, 
atomic and molecular scales. 


Quantum theory begins with the notion that matter and 
energy are both ‘quantized’ — to put it crudely, they 
come in chunks. The theory holds that both matter and 
energy must be described either as particles or as 
waves, depending on the particular situation. Several 
aspects of quantum mechanics are so far from our eve- 
ryday experience, that it has been said there is no point 
in trying to understand quantum theory — we have the 
rules, and that is all there is to be said on the subject. 


There are subject areas in physical science in which 
quantum theory is essential. One such area includes 
much of the science of chemistry, where quantum 
mechanics accounts for the structure and properties 
of materials, provides a detailed understanding of the 
Periodic Table, explains chemical bonding, and ac- 
counts for the colors of incandescent sparks and the 
emission of colored light by flames. In so far as 
chemistry is of interest to the student of pyrotechnics, 
quantum theory must also be of interest. 


Wave — particle duality: The color of incandescent 
sparks is closely related to the phenomenon that led 
to the development of quantum theory. In 1900 the 
current theory did not agree with the measured results. 
German physicist Max Planck (1858-1947) solved 
the problem by making the unprecedented assump- 
tion that energy (£), in the form of quanta, could only 
be exchanged in discrete increments proportional to 
their frequency (v), as represented by the simple 
equation: 
E=h-ve=h-9 Hl 
Here, / is a constant (Planck’s constant, equal to 6.63 
x 10 ** joule seconds), c is the speed of light (3.00 x 
10° m/s), and A is wavelength. The fact that h is so 
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exceedingly small is the reason why quantum effects 
are usually only directly observable in the behavior 
of exceedingly small objects such as atoms and mol- 
ecules. 


In 1905 German-American physicist Albert Einstein 
(1879-1955) demonstrated that light, then thought to 
be purely a wave phenomenon, consisted of a stream 
of quanta (i.e., photons) each having energy given by 
Planck’s equation. Accordingly, from an energy 
standpoint, light was behaving as if it consisted of 
discrete entities (i.e., particles). 


Equally surprising, it was subsequently shown that 
electrons, which had been thought of as little particles, 
could behave like waves, and that accounted for the 
stability of atoms. Further, in 1913, Danish physicist 
Niels Bohr (1885-1962) successfully explained the 
optical spectrum of the hydrogen atom by assuming 
that the electron in the hydrogen atom could exist only 
in certain stable orbits. In 1924 French physicist Lou- 
is de Broglie (1892-1987) showed that the existence 
of such stable orbits was predicted by the wave-like 
properties of electrons. In 1926 Austrian physicist Er- 
win Schrédinger (1887-1961) developed an equation 
that related the kinetic and potential energy of a sys- 
tem to a mathematical function (y) described as the 
wave function or state vector. This equation is used, 
for example, to calculate the energy levels in atoms 
and molecules 


Quantum numbers: Bohr’s stable atomic orbits occur 
when one, two, three or any whole number of elec- 
tron wavelengths will fit around the orbit. The num- 
ber of wavelengths that fit around an orbit is de- 
scribed as the electron’s principal quantum number, 
denoted by n. 


Subsequently, German physicist Arnold Sommerfeld 
(1868-1951) showed that for each principal quantum 
number (which in Bohr’s model corresponded to a 
circular orbit) there could also be elliptical orbits. 
These orbits were denoted with a second angular mo- 
mentum quantum number (/), which could have 
whole-number values from zero to one less than n 
(i.e., /=0, 1, 2, ..., 2-1). A third magnetic quantum 
number (m) accounts for the possible alignments of 
elliptical orbits in a magnetic field. The magnetic 
quantum number m can have whole-number values 
from minus / to plus / (i.e., m =—/... -1, 0, 1... J) re- 
sulting in a total of 2/ + 1 values of m for each value of /. 


In 1928 English physicist Paul Dirac (1902-1984) 
showed that application of Einstein’s Special Theory 
of Relativity led to a fourth quantum number that could 
assume only two values: +’4 or —'4. This fourth quan- 
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tum number is described as the spin quantum number 
(s) because it has units of angular momentum. 


Atomic structure: The atom is sometimes thought of 
as consisting of a nucleus surrounded by a series of 
electron shells, with each shell corresponding to a 
different value of the principal quantum number 7. 
For values of greater than 1, there are subshells cor- 
responding to different values of the quantum num- 
bers / and m. 


In 1927 German physicist Werner Heisenberg (1901- 
1976) showed that the position and momentum of a 
particle, and the energy of a system and the time for 
which it has that energy, are related in that the more 
precisely the value of one of each pair is defined, the 
less precise is the value of the other. This led to the 
concept of electron shells and subshells being re- 
placed by atomic orbitals, with each orbital being de- 
fined by unique values of n, / and m and specifying a 
region of space within an atom that can be occupied 
by a pair of electrons, one electron having s = +% and 
the other having s = —’4. The orbitals are designated 
using the letters s, p, d, and f; which are derived from 
historically perceived properties of the spectral emis- 
sions from atoms. This is summarized below. The or- 
bital designation s for the orbital having / = 0 has 
nothing whatever to do with the spin quantum num- 
ber s. In the former, s stands for ‘sharp’, in the latter 
it stands for ‘spin’. 


The periodic table: An electron in an atom is com- 
pletely described by specifying its four quantum 
numbers. In 1925 Austrian physicist Wolfgang Pauli 
(1900-1958) pointed out that every electron in an atom 
must have a different set of quantum numbers. This 
Pauli Exclusion Principle, combined with the as- 
sumption that electrons in atoms normally occupy the 
configuration having the lowest possible energy, is an 
important part of our understanding of the structure 
of the Periodic Table of Elements. 


The lightest element, hydrogen, has one electron that 
goes into an orbital for which n = 1 (labeled /s). For 
that value of n, the value of / is 1 — n = 0, and the 
value of m is therefore also zero. The value of s can 
be either +'4 or —'4, so there is room for only two 
electrons in this orbital. The limit for the occupation 
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of this 1s orbital is reached with the next lightest ele- 
ment, helium. 


For the next lightest element, lithium, the first two of 
its three electrons occupy and fill the m = | (i.e., 1s) 
orbital. The third electron must go into one of the next 
higher orbitals, having n = 2. There are four such or- 
bitals: one having / = 0 (labeled 2s), and three having 
/ = 1 (labeled 2p). Of these, the lowest energy is the 
2s orbital, so this is where the third electron of lithium 
normally resides. The next element, beryllium, with 
four electrons, has its two outer electrons in and filling 
the 2s orbital. 


For the next element, boron, its additional electron 
must go into one of the 2p orbitals. For carbon, the 
next element, the additional electron goes into another 
of the 2p orbitals, because this is a lower energy ar- 
rangement than having two electrons in the same p 
orbital. Similarly, with nitrogen, which has its addi- 
tional electron occupying the third 2p orbital. At this 
point, all three 2p orbitals have one electron in each, 
so with the next element (oxygen) the electrons must 
start pairing up in the 2p orbitals. This filling of the 
2p orbitals continues with the next element, fluorine, 
and is complete with the following element, neon. In 
the neon atom, all the lowest-energy orbitals (the 1s, 
2s and 2p orbitals) are completely filled, just as it was 
for helium with the 1s orbital completely filled. This 
accounts for the similarity in properties between heli- 
um and neon, with both elements being chemically 
unreactive monatomic gases. 


With the next element, sodium, the first 10 of its 11 
electrons occupy and completely fill the m = 1 andn = 
2 orbitals, and the extra electron must go into an or- 
bital with n = 3. The lowest energy n = 3 orbital is the 
3s orbital. The sodium atom thus has a single outer 
electron in an s orbital, separated from the nucleus by 
filled orbitals. This description also fits the lithium 
atom, accounting for the similarity of these two ele- 
ments — they are both soft, highly reactive metals 
with low melting points. The building up of electrons 
continues in this way from magnesium through to ar- 
gon, at which time all the 1s, 2s, 2p, 3s and 3p orbitals 
are full. The chemical elements between magnesium 
and argon show similarities with the corresponding 
elements between beryllium and neon. 


It might be expected that the next orbitals to be occu- 
pied would be the 3d orbitals, but it turns out that the 
As orbital is of lower energy. Thus, the next element, 
potassium, has its additional electron occupying the 
4s orbital, which consequently resembles sodium in 
its properties. The following element, calcium, has 
two 4s electrons and therefore resembles magnesium. 
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Once the 4s orbital is filled, electrons begin to fill the 
five 3d orbitals. This gives a series of elements (Sc, 
Ti, V, Cr, Mn, Fe, Co, Ni and Cu) described as the 
First Transition Series. 


The rest of the periodic table is built up in a similar 
way. The foregoing is of necessity a very superficial 
account, but it serves to illustrate how a few simple 
rules arising from quantum theory help to account for 
the periodicity of the chemical and physical proper- 
ties of the elements. 


Chemical bonds: Quantum theory also provides an 
explanation for the formation of chemical bonds that 
link atoms together. There are two common types of 
bonds: ionic bonds and covalent bonds. 


Ionic bonds arise when one atom gains one or more 
electrons from another atom, thus forming a nega- 
tively charged ion (1.e., an anion) and leaving the do- 
nor atom with a positive charge (i.e., a cation). For 
example, sodium has a single outer electron in a 3s 
orbital. If it loses that electron, it forms a singly 
charged cation [Na’]. A certain amount of energy 
(described as the ionization energy) is required to 
remove the electron; in this case, it is 496 kJ/mol. At 
the other extreme, chlorine has just one empty 3p or- 
bital. An electron can go into that orbital, forming a 
singly charged chloride anion [Cl]. The energy re- 
leased in this process is 349 kJ/mole. The transfer of 
an electron from a mole of sodium atoms to a mole of 
chlorine atom to form two moles of the separated 
ions would therefore require an input of 147 kJ of en- 
ergy. If the separated ions are allowed to comingle, 
the electrostatic attraction between them favors the 
formation of sodium chloride ion pairs [NaCl], with 
the release of 500 kJ/mol of ion pairs. Accordingly, the 
energy released in the formation of a mole of sodium 
chloride ion pairs is 353 kJ/mole, clearly making it 
energetically favorable to form gaseous sodium chlo- 
ride from sodium and chlorine atoms. This is an ex- 
ample of the formation of an ionic bond. Even more 
energy is released when the ion pairs condense to 
form a three-dimensional array, the familiar crystal of 
sodium chloride. Chemical bonds of this type are 
common between metals and non-metals, elements 
with substantially different affinities for electrons 
(i.e., electronegativities). 


A different type of chemical bond, a covalent bond, is 
formed when the electron orbitals of two or more at- 
oms combine to form new orbitals, and the electrons 
arrange themselves in these new orbitals in such a 
way that there is at least one pair of electrons shared 
between each pair of atoms. The simplest example of 
this occurs with hydrogen atoms [H], each has but 
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one electron in a 1s orbital. The 1s orbitals of two in- 
dividual hydrogen atoms can merge to form two mo- 
lecular orbitals, one of which can accommodate the 
two electrons shared between the two hydrogen nu- 
clei. This arrangement is the familiar hydrogen mole- 
cule [H2]. This molecule is far more stable (i.e., is of 
lower energy) than two isolated hydrogen atoms. The 
energy released in the formation of a mole of hydro- 
gen gas from two moles of hydrogen atoms is 436 kJ. 
This is an example of the formation of a covalent 
chemical bond. Bonds of this type are common in 
compounds of the non-metallic elements, elements 
with similar affinities for electrons (i.e., those having 
similar electronegativities). 


Colored flames: A final example of the application of 
quantum theory is provided by its explanation of the 
emission of light from gases. This is of great im- 
portance in pyrotechnics as it is the basis for produc- 
ing colored flames. 


If a sodium salt is introduced into a flame, the flame 
becomes a bright orange-yellow, corresponding to the 
emission of light having a wavelength of approxi- 
mately 589 nm. According to quantum theory, the 
emission of light takes place as follows. First, sodium 
atoms are produced in the flame from the decomposi- 
tion of a sodium compound. It can be calculated from 
quantum theory that the vast majority of those sodi- 
um atoms are in the lowest energy state, described as 
the ground state. (In this case, the outermost electron 
is in the 3s orbital.) A small proportion of the atoms 
are in the next higher energy state, with the outer 
electron temporarily residing in a 3p orbital. The so- 
dium atoms are continually colliding with other at- 
oms and molecules in the flame. Any given excited 
atom is most likely to lose its energy in a collision, 
with the potential energy of the electron being con- 
verted to energy of motion (i.e., kinetic energy) of the 
particles after the collision. Quantum theory shows 
that the excited atom can also lose its energy sponta- 
neously. In this process, the outer electron spontane- 
ously changes from being in a 3p orbital to being in a 
3s orbital, and the excess energy appears as a photon 
of light. This photon has the same energy as the energy 
difference between the two orbitals. It, and vast num- 
bers of other photons created in the same way, may 
escape from the flame to be seen by an observer, in 
this case causing the flame to appear orange yellow. 


The example of sodium gives an indication of what 
quantum theory has to say about the emission of light 
by atoms. In pyrotechnics, the emission of light by 
molecules is of greater interest than emission by at- 
oms. Just as described for atoms, molecules also have 
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electrons in orbitals and an electron can be excited in- 
to a higher energy orbital. The basic principles are the 
same for molecules as for atoms: the emitter must be 
generated in the flame, a population of excited emit- 
ters has to be produced, and the spontaneous decay of 
excited emitters generates light at specific wave- 
lengths corresponding to the energy differences be- 
tween different arrangements of electrons in orbitals. 


The situation is complicated by the fact that molecules 
can also vibrate and rotate. These vibrations and rota- 
tions are also quantized, but the differences in energy 
between these quantized motions are much smaller 
than the difference in energy resulting from an elec- 
tron being in one electron orbital or the next. The re- 
sult is that instead of seeing a single line in the spec- 
trum for each electronic transition, as is the case for 
atoms, for molecules one sees a group of very closely 
spaced lines, one for each vibrational state. Further- 
more, each of the vibrational lines consists of a se- 
quence of even more closely spaced lines correspond- 
ing to the different rotational states. These groups of 
closely spaced lines are described as bands. The band 
spectra of molecular color emitters such as strontium 
monochloride [SrCl’], barium monochloride [BaCI] 
and copper monochloride [CuCl] provide the red, 
green and blue colors seen in pyrotechnic flames. 


QUARRY CORD™ - See igniter cord. 


QUARTER STICK — A poorly defined term used to de- 
scribe a large exploding firework (illegal for sale to 
consumers in the US). These devices are typically 
approximately 1-inch (25-mm) internal diameter and 
2.5 to 3.5-inches (60 to 90 mm) long. An example is 
shown below. They derive their name from the alle- 
gation (substantially exaggerated) that their explosive 
output is equal to that of a quarter stick of dynamite. 
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QUARTZ — A naturally occurring crystalline form of 
silicon dioxide, also prepared synthetically and used 
as a piezo-electric generating crystal in high- 
frequency pressure and force gauges used in pyro- 
technic, propellant and explosives research. 


QUENCHING DISTANCE — The minimum size ofa flame 
that provides for propagation of a combustion reaction 
in a gaseous mixture of fuel and oxidizer. Below this 
minimum size, the flame does not provide enough 
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thermal-energy feedback for the reaction to propagate. 
While this term is most commonly used in combus- 
tion science, there are parallels with pyrotechnic re- 
action propagation. (See propagation inequality.) 


QUEUE — A French word that refers to the tail of an 


animal. In common English usage, a line of people, 
vehicles, etc. waiting for something. In computing, a 
list of commands to be executed, or of data items to 
be retrieved, sequentially in a specified order. Histor- 
ically, the plait of hair formerly worn by Chinese men. 
Not to be confused with cue. 


QUICK FUSE -— Any of several new types of relatively 


fast-burning fuse, developed in China and used inter- 
nally in multiple-tube devices, especially those large 
arrays used in professional firework displays. For the 
lack of a better name, these fuse types are sometimes 
described as quick fuse. They tend to all be 3/32 to 
1/8 inch (approximately 3 mm) in diameter They are 
reasonably robust in their construction; as a result, 
they can take significant abuse without excessive 
powder loss. Another common feature of these fuse 
types seems to be a significant degree of variability in 
their burn rates, but depending on their specific ap- 
plication, this may be of little consequence. Three va- 
rieties of these fuse types are shown below. 


The uppermost fuse (pink) has a central, thin, tissue- 
paper wrapped meal-like powder fuse approximately 
1/16 inch (1.5 mm) in diameter. This fuse powder 
was found to include a perchlorate oxidizer (most 
likely potassium perchlorate). Surrounding this inner 
most fuse is a layer of granular Black Powder. The 
fuse is finished with two wraps of thread (with op- 
posing rotations) and a light coating of lacquer. The 
burn rate of this fuse varies from roughly 0.5 to 1 
foot (150 to 300 mm) per second. The relatively high 
burn rate is the result of the fire paths in the granular 
Black Powder allowing the rapid advance of flame 
(i.e., propagative burning, see burn type, pyrotechnic). 
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The center fuse (amber) is similar in construction to 
the pink fuse, and it was also found to contain a per- 
chlorate oxidizer. This fuse differs from the pink ex- 
ample in that there is only one thread wrap, wound 
over a wrap of thin kraft paper. The burn rate of this 
fuse varies widely from roughly 2 inches (50 mm) to 
more than 1 foot (300 mm) per second. 


The lowermost fuse (white) has three thin strands of 
black-match-like fuse, each approximately 1/16 inch, 
1.5 mm, in diameter, in its center. This fuse powder 
was found to include a perchlorate oxidizer (most 
likely potassium perchlorate). A non-aqueous binder, 
functioning as a plasticizer, allows the match strands 
to bend somewhat without the coating cracking and 
falling off. The match strands are surrounded by a 
thin wrap of tissue paper and a sparse wrap of 
threads. The burn rate of this fuse varies from roughly 
2 to 4 feet (0.6 to 1.2 m) per second. The high burn 
rate is the result of the fire paths running along and 
between the match strands, allowing the rapid ad- 
vance of flame. 


These types of fast burning fuse should not be con- 
fused with two other relatively new types of fuse. 
One appears visually much like visco fuse and is of- 
ten described as vis-quick fuse. It has a burn rate of 
approximately 2.0 inches (50 mm) per second. (Visco 
fuse typically has a burn rate of approximately 0.4 
inch (10 mm) per second.) The other is a type of fuse 
composed of three loosely wrapped strands of Chi- 
nese tissue paper fuse, using potassium chlorate as its 
oxidizer, and it has a burn rate of approximately 0.6 
inch (15 mm) per second. 


Although uncommon, quick match may sometimes 
be described as quick fuse. 


QUICK LIME — See calcium oxide. 


QUICK MATCH (noun) — (Also piped match) — Black 
match enclosed in a loose wrap, described as the 
match pipe or casing, which usually is made of paper, 
as illustrated farther below. Quick match is commonly 
used to communicate fire quickly over relatively long 
distances. Short lengths of quick match may appear 
to burn instantaneously. 


In the past, the bundle of black match threads was 
more nearly round in cross section. Traditionally, an 
inner wrap of water-resistant paper was almost uni- 
versally used. Today, a relatively new type of quick 
match, often described as flat match (discussed be- 
low), is common. It often has plastic tape covering 
the paper match pipe, obviating the need for the inner 
water-resistant paper. 


Page 1004 


End 


View Black Match Side View 


Outer Paper Wrap _/S 
Inner Water-resistant Paper 


Air Gap (Fire Path) 


Examples of traditional black match (upper) and quick 
match (lower) are shown at 
the right. 


Whereas black match typi- 
cally burns at roughly | inch 
(25 mm) per second, quick 
match typically burns at a 
rate of 10 to 30 feet (3 to 10 deohetest Siatissbote 
m) per second. This wide range in quik ‘aie burn 
rate is dependent on factors such as the strength of the 
match pipe, the gap between the black match and the 
match pipe, and the nature of the powder composi- 
tion. The dramatic change in burn rate from black 
match to quick match is demonstrated in the series of 
three photographs below, showing the burning of a 
length of quick match starting with some exposed 
black match extending to the left from the quick 
match. 


The time span between the first two images is ap- 
proximately 1.5 seconds, in which time approximately 
2 inches (50 mm) of the black match burns to reach 
the start of the match pipe. The time span between 
the last two images is approximately 0.15 seconds, in 
which time the flame has advanced more than 18 
inches (about 0.5 m) through the quick match. In the 
bottom image, the quick match can be seen venting 
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fire through the match pipe along its length, even 
though fire is clearly seen leaving the end of the 
quick match on the far right.) The burning of quick 
match is an example of propagative burning, whereas 
the burning of black match is an example of parallel 
burning (see burn type, pyrotechnic). 


The most common uses of quick match are in the 
making of aerial shell leaders and in the fusing of 
lancework. Quick match was typically sold in bundles 
of 60 feet (20 m) (shown below, upper). More recently, 
quick match (also described as flat match) from China 
is commonly supplied in tightly wound coils of 50 m 
(165 feet) (below, lower). 


ae 


Manner of functioning: The fast burn rate of quick 
match can be explained using a candle flame as an 
analogy, as illustrated below. At the left of the illus- 
tration, a candle is shown burning normally. The hot 
gases from the flame are free to rise and the flame 
has its familiar, undistorted shape. The right of the il- 
lustration demonstrates that when a barrier is placed 
above the burning candle, the flame naturally 
spreads, to some extent, across the barrier. This hap- 
pens even if the barrier is made of paper, which soon 
ignites and burns. During the time the paper barrier 
persists, the candle flame spreads across it. 


Flame spreads 
along the a 


Obstructed 
Candle Flame 


Unobstructed 
Candle Flame 


Similar to the unobstructed candle flame, the flame 
from burning black match extends freely around its 
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point of burning. Also similar to a candle flame, when 
the flame from burning black match is obstructed by 
the loose paper wrap of the quick match pipe (i.e., a 
barrier) the flame spreads across the barrier (as illus- 
trated below in cross section). A portion of the flame 
spreads farther into the match pipe, down the air gap 
between the black match and the match pipe. This air 
gap is an example of a fire path. In so doing, the 
spreading flame ignites more black match, which 
produces additional flame. In turn, this flame spreads 
further into the match pipe, igniting still more black 
match and making still more flame. 


Direction of burning 
The 
ay 


Sa 


Thin, loose-fitting 
paper jacket 


i *S _? 
Black Match 


Quick Match 


In this accelerating process, the pressure produced in- 
side the match pipe forces the flame further and fur- 
ther along its length and at an ever-faster pace. The 
primary limiting factor in the speed of quick match 
propagating is the strength of the paper match pipe, 
which eventually bursts open in response to the in- 
creasing pressure inside it. The greater the pressure 
the match pipe can withstand before bursting, the 
faster the flame front will be forced along into the 
unignited portions of the quick match. 


It is sometimes suggested that the Vieille equation 
(expressing the relationship between ambient pres- 
sure and burn rate) plays an important role in explain- 
ing the rapid burning of quick match, but this cannot 
be true. Quick match typically burns more than 100 
times faster than the black match from which it is 
made. To accomplish even a doubling of the burn 
rate of Black Powder (such as that in black match) 
from ambient pressure alone would require the ambi- 
ent pressure to rise to more than 200 psi (1.4 MPa) 
This is certainly far more pressure than match pipe 
can withstand, and even if such a high pressure could 
be sustained, it would explain no more than 2% of the 
increase in the speed of burning of quick match in 
comparison with black match. 


The advancing (i.e., pressure driven) flame inside the 
match pipe can be seen in the series of images shown 
below. These images were recorded in the dark, with 
a short length of quick match attached to a board sim- 
ilar to that shown earlier in this entry. 
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In the first (upper) image, the exposed black match is 
burning and has just reached the match pipe covering. 
The second image is 0.07 second later. In that brief 
time, the flame front has advanced internally along 
the length of quick match almost to its end, and the 
light from its burning can be seen through the paper 
match pipe. The third image is another 0.07 second 
later. In that image, the flame is seen having already 
emerged from the end of the length of quick match. 
In addition, it can be seen that the pressure from the 
burning black match has burst the paper match pipe 
at about its midpoint. 


Flat match: The packaging of quick match (now often 
described as flat match) in tight coils has been made 
possible by a change in the manufacturing of the 
black match. Instead of the black match being nearly 
circular in cross section, it is more nearly rectangular 
in cross section. This is either because the black 
match has been mechanically flattened after the 
strings are coated and prior to its drying, or because it 
has been made as a series of individually coated, thin 
strings (commonly 5) simply lying side by side. This 
results in the black match being much thinner, and 
thus more flexible, than the traditional black match. 
The use of a flexible, plasticized binder also allows 
the strands of black match to bend rather sharply 
without the powder coating breaking off. Examples 
of these two types of flat match are shown below. 
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In addition to the change in black match, there has of- 
ten also been a change in the match pipe used to 
make flat match. Instead of simply being made of pa- 
per, the match pipe is often covered with plastic tape. 
This is shown more clearly in the first flat match ex- 
ample above, where a portion of the plastic covering 
has been removed to expose the paper wrap under- 
neath. This covering provides additional resistance to 
unintentional side ignition of the fuse and greatly im- 
proves its moisture resistance. Also because the tape 
covering strengthens the match pipe, the burn rate of 
the quick match is increased. 


The plastic covering often 
present on flat match can oo 
make it difficult to remove a =p. saseeee 
portion of the match pipe, ~ 
such as needed when splicing 
the quick match using the tra- 
ditional method described in (oF TNT 
repairing aerial shell leaders. § 

An effective flat match splice 
can be accomplished in a dif- 
ferent way, as shown at the 
right. First, the two pieces of = 
flat match are overlapped and tightly secured with a 
wrap of tape. Then several small holes are poked 
through both pieces of flat match, and those holes are 
covered with some additional tape. When fire in the 
first piece of flat match reaches the holes, the pres- 
sure inside the match pipe will cause fire to jet 
through the holes. This then ignites the second piece 
of flat match, which carries the fire onward. This 
same general method works, albeit less conveniently, 
with other types of quick match. 


In some flat match, the match pipe is formed around 
the central black match while it is still wet. When this 
is the case, the composition on the black match will 
sometimes adhere to some extent to the match pipe, 
as shown below (red arrows). 


a 


7p attatimenctinamer 
eT Teta 


= | 
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Dusted quick match: Dusted quick match is made us- 
ing dusted black match, in which the black match has 
been coated (1.e., dusted) with meal powder while the 
surface of the match is still wet. This type of quick 
match burns somewhat more vigorously (i.e., quickly) 
than quick match made with undusted black match. 


Powder-pasted paper quick match: Powder-pasted 
paper quick match is made using a wrap of powder- 


pasted paper as the primary powder source. An ex- 
ample is shown below along with a cross-sectional il- 
lustration, where: A is a pair of thin supporting cords, 
often with a small amount of grain powder adhering; 
B is powder-pasted paper; and C is the Kraft paper 
match pipe. 


The use of powder-pasted paper slightly increases the 
powder content of the quick match. More importantly, 
the increase in the surface area of the powder makes 
its burning in a confined space more vigorous, thus 
helping to prevent hangfires and misfires. 


Cutting powder-pasted paper can sometimes cause its 
ignition. Quick match made with powder-pasted pa- 
per must be cut with great care and in a place where 
its accidental ignition will not progress to a disaster. 


Effect_of moisture exposure: Prolonged exposure to 
the atmosphere, at different relative humidity, has a 


definite effect on the performance of quick match. 
Exposure to high humidity slows the burning of quick 
match and may affect its ability to ignite the item(s) to 
which it is attached. The results for a typical sample 
of paper-covered quick match are presented below. 


Encyclopedic Dictionary of Pyrotechnics 


Relative | Moisture | Change in 
Humidity | Absorbed | Burn Time 


The test segments of quick match were maintained at 
the indicated relative humidity until their weights (i.e., 
moisture content) stabilized (typically this required 
several days). 


In critical timing situations, unanticipated changes in 
quick match burn time could pose a problem. 


Historical: It is not possible to give exact dates for the 
introduction of quick match. In 1635 the English py- 
rotechnist John Bate gave instructions for making 
what he called ‘stouple’. This was cotton candlewick, 
rolled when wet in mealed Black Powder and al- 
lowed to dry. No binder was mentioned. Bate did not 
mention the use of pipes, even though some of his il- 
lustrations suggest that short lengths of piped match 
were in use. In 1741 Amédée-Francois Frézier gave 
instructions for making ‘etoupilles’ by coating cotton 
threads with a paste of Black Powder and gum-water. 
He said that this was very useful for carrying fire, in 
an instant, to all parts of an ‘illumination’. In 1766 
the second edition of Robert Jones’ book described 
quick match being used much as it is today. Jones 
used isinglass as a binder in making black match, and 
his description of the preparation and use of match 
pipes (which he called ‘leaders’) does not suggest 
that there was anything new about it. The same could 
be said for Ruggieri, writing at the very beginning of 
the 19" century. 


There is some confusion in the naming of various 
forms of black match and quick match because of 
changes in terminology over many years. A chart 
comparing different names commonly applied to 
these ignition products for at least the past 50 years, 
along with the names used more than 100 years ago 
is presented below. 


a) The current product described as fuse rope is similar to 
the historical slow match in its appearance and in its 
burn rate but not in its manner of preparation or use. 


The historical names given here are only examples of 
the terminology. For example, in 1872, the British py- 
rotechnist William Henry Browne referred to black 
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match as quick match, as raw match — and even as 
black match. When the black match had been inserted 
into its paper casing, Browne referred to it as cased, 
piped or clothed. His preferred terminology seems to 
have been ‘quick match’ for black match, and 
‘clothed quick match’ for quick match. 


The term ‘quick match’ plausibly derives from the 
term ‘match’ (i.e., anything used to convey fire from 
one place to another) and the very early (and com- 
mon) use of a slowly smoldering cord (i.e., slow 
match) for the ignition of Black Powder in small 
arms (e.g., in matchlock weapons) and in cannon. 
Compared to this very slow burning (i.e., smoldering) 
cord, the burning of Black Powder-covered cordage 
was indeed remarkably quick, and such cordage 
could logically have been described as quick match. 
The subsequently developed loosely wrapped (i.e., 
piped) form of quick match was apparently left to be 
described based on its construction, as piped, cased 
or clothed match. 


The reason for the change to the modern usage of 
these terms is left to speculation. Even today, some 
pyrotechnists use the term piped match for what is 
now more commonly described as quick match. 


QUICKMATCH (verb) — The process of attaching quick 
match to a firework or collection of firework devices. 


Alternatively, the term may be used to describe the 
unexpected action of a slow burning fuse, or another 
device, that burns very quickly, in somewhat the 
same manner as quick match fuse. This type of fuse 
burning may occur because the powder train of an 
enclosed fuse experiences propagative burning (see 
burn type, pyrotechnic), which is the type rapid-fire 
spread that occurs within quick match. Improperly 
made visco fuse may occasionally quick match (also 
described as skip burning) as a result of using an im- 
proper granulation of fuse powder. Occasionally, 
even Bickford fuse has been known to behave this 
way. The possibility that a fuse intended to burn 
slowly might occasionally quick match is one reason 
why consumer fireworks have the instruction “Do not 
hold in hand” printed on their labels. 


Another example of a case where slow-burning items 
may burn at a substantially greater (or even explosive) 
rate is provided by common wire-cored sparklers. 
The burn time of a single sparkler may be approxi- 
mately 40 seconds. When 12 sparklers are aligned to- 
gether in a bundle, the burn time of the bundle can be 
reduced to less than 6 seconds — an increase in burn 
rate by more than a factor of 6. In other cases, when a 
large bundle of sparklers has been tightly wrapped 
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with strong tape and ignited, an unanticipated and 
surprisingly powerful explosion has occurred. 


QUICK MATCH DELAY ELEMENT (fireworks) — A de- 


vice used to provide a delay in the rapid burning of 
quick match. Typically, the delay time is in the range 
from 2 to 5 seconds, and such devices have been used 
at the ignition end of aerial shell leaders. The purpose 
of these delay elements is to provide the person man- 
ually igniting the shell to retreat safely after having lit 
the fuse. (See delay element for examples.) Similar 
slow-burning fuse delay elements can be used on 
other fireworks when a delay period is required be- 
fore the ignition of the fast burning quick match. 


When it is necessary to introduce a time delay be- 
tween the burning of a length of quick match and the 
propagation ofits fire to another length of quick match, 
there are two basic approaches, depending on the 
amount and precision of the delay required. For short 
(i.e., 1/4 to 1 second), less precise delays, the fire path 
between the black match and the match pipe can be 
closed for a short distance (see quick match, method 
of slowing). For longer, more precise delays, methods 
employing time fuse can be used. Historically, these 
units have been individually crafted for specific uses 
and one method for doing this is illustrated below in 
cross section. 


Paper Wrap (Bucket) 


Tight String Ties 


Time Fuse 
Black (Cross) Match 


Quick Match Inserted and Tied Here 


The delay element consists of a thin wrap of paper 
made into a tube approximately a 0.75 inch (18 mm) 
in diameter and 4 inches (200 mm) long (commonly 
described as a bucket). Into this tube, a short length 
of Bickford-style firework time fuse is inserted and 
tightly tied in place to prevent fire from passing di- 
rectly through the unit along any gap between the pa- 
per tube and the time fuse. To help ensure the time 
delay element’s proper ignition and functioning, the 
time fuse will typically be cross matched, or its ends 
will be well-coated with prime composition. 
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In the example of the quick match delay element shown 
immediately below, the delay unit is composed of the 
central piece of time fuse (A) that has had two thin- 
walled wraps of paper (B) (buckets) attached at its 
opposite ends. Below that is a close-up of a delay el- 
ement with one of its buckets (B) cut open to expose 
the priming (C) on the end of its time fuse (A). 


7. oSSenE ee 


The time-delay element is used by inserting the ends 
of two lengths of quick match (D) into the buckets 
(B) at either end of the unit, as shown below, after 
having exposed approximately 1 inch (25 mm) of 
black match on the ends of the quick match. Often, 
the quick match is secured by tying the buckets closed 
with string on the outer end of the bucket. In the pho- 
tograph below, small plastic zip ties (green) have 
been used in place of string ties. 


ge EA) 


Hee HH PEER 
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Recently, a simple and efficient commercially supplied 
version of this type of delay unit has been introduced 
(see PyroClock™), 


QUICK MATCH, METHOD OF SLOWING — Any of 
various techniques used to slow the burning of quick 
match. These methods are commonly employed when 
it is necessary to extend the delay interval between 
the firing of individual aerial shells that have been 
chain fused with quick match. The rapid burning of 
quick match (10 to 30 feet per second, 3 to 10 m/s) is 
the result of having the loose paper wrap around it, 
which provides the fire path for the flame front (see 
quick match (noun)). 


Based on the understanding of why quick match 
burns so rapidly, an effective strategy for slowing its 
burning is obvious: simply close the fire path. At 
each point of effective closure of the fire path, the 
burning within the quick match makes a transition 
from propagative to parallel burning (see burn type, 
pyrotechnic). Accordingly, the burn rate slows briefly 
to approximately 1 inch per second (25 mm/s). Then, 
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after the burning has 
proceeded through the 
length of fire path clo- 
sure, the burning agan ro 
makes a transition to 
propagative burning, 
and the burn rate re- 
turns to 10 to 30 feet (3 
to 10 m) per second. 
Closing the fire path 
can be accomplished in 
any of several ways, 
some of which are 
shown at the right. 


In the uppermost photo- 
graph, a narrow wrap of * 
string has been tied se- ~ 
curely around the quick 
match to tightly close-off its fire path. With this clo- 
sure method, there is only a brief slowing of the 
quick match. When a wider wrap of string is tied 
around the quick match, as in the second photograph, 
the slowing persists longer. Another method to 
achieve a longer delay than that from a narrow wrap 
of string is to first form the quick match into a short 
zigzag or Z arrangement, which is then securely tied 
in place with a relatively narrow wrap of string, as in 
the third photograph. Finally, a reasonably effective 
method is to simply tie a tight knot in the quick 
match itself. The amount of slowing achieved with this 
method is relatively unpredictable, because it is not 
always possible to ensure a complete closure of the 
fire path. Some reasonably typical amounts of quick 
match slowing are presented below for quick match 
that has been stored at two different levels of humidity. 
Results are reported to the nearest 0.1 second. 


Burn Time at} Burn Time at 
35% Relative | 78% Relative 
Method Humidity (s) | Humidity (s) 


Under conditions of higher humidity (i.e., 78% RH), 
the amount of slowing achieved by using the listed 
methods is at least double that produced at the lower 
humidity (i.e., 35% RH). 


Any of these techniques to slow the burn rate of 
quick match might potentially result instead in the 
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termination of its burning at the point of restriction if 
the internal black match has been sufficiently dam- 
aged at that point. 


Closing the match pipe can sometimes give the im- 
pression of a momentary more vigorous (1.e., explo- 
sive) burning. This is the result of the match pipe in the 
area before the closure bursting open from the internal 
pressure; this is more likely to occur with flat match, 
a type of quick match covered in strong plastic tape. 


Longer and more precise delays in the burning of 
quick match can be achieved by using specially made 
quick match delay elements. 


QUICK MATCH REPAIR -— If the quick match on a py- 
rotechnic device has become damaged for whatever 
reason, and providing the time, knowledge and suita- 
ble materials are available, a repair can be accom- 
plished. The nature of some of these problems is dis- 
cussed in the entry shell leader deficiencies, and a 
description of the solutions is presented in the entry 
repairing aerial shell leaders. These problems and 
solutions apply equally to other pyrotechnic items 
fused with quick match. 


QUICK MATCH SHELL LEADER - See shell leader. 


QUICK MATCH SPLICING — Sometimes it may be nec- 
essary (or at least useful) to join (i.e., splice) two or 
more pieces of quick match. Several common meth- 
ods are used to make such splices. Three methods are 
described elsewhere in this text. 


eFor quick match using conventional paper match 
pipe, a splicing method is described in the entry re- 
pairing aerial shell leaders. 


e For quick match of the type often described as flat 
match, which may have a plastic covering on its 
match pipe, an alternate splicing method is described 
in the quick match entry. 


e At times, it may be necessary to join multiple pieces 
of quick match together. A method for doing that is 
described in the bucket entry. 


QUICKNESS — A measure of the rate of pressure gen- 
eration (in units of psi per millisecond or kPa/ms) 
produced by a pyrotechnic composition burning in a 
confined space (i.e., in a closed bomb). Determining 
the quickness of a pyrotechnic material may be part 
of the process of classifying the material for various 
regulatory purposes. 
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For propellants: Quickness may be expressed as the 
product of the propellant’s force constant and its vi- 
vacity. If a plot is made of burn rate as a function of 
pressure, the optimum pressure, to achieve maximum 
performance of the propellant, can be determined. 
(See VOP determination, method for (strand burner 
method).) Measures of propellant performance for 
rockets may be expressed as 'specific impulse' and 
that for gun propellants may be expressed as impetus. 


quickness test apparatus — The hardware used to 
determine the quickness of a pyrotechnic material. 
An example of such hardware is illustrated below. 
The apparatus is shown mostly in cross-section, but 
without showing the threads holding the components 
together or the means of making it gas tight. 


Rupture 
Disk 


Transducer 
Wire 


Piezo-Electric 
Pressure Transducer 


Powder Charge 


Electrical Igniter 


Igniter Wires 


The electrical igniter in the illustration is an electric 
match. Any of a range of igniters may be used, from 
a simple hot-wire igniter to electric match assemblies 
enhanced with various ignition priming materials. 
Upon ignition, the burning powder charge causes the 
pressure to increase in the closed volume of the appa- 
ratus. The rising pressure is detected by the piezo- 
electric pressure transducer and is recorded for sub- 
sequent analysis. Eventually, as the pressure contin- 
ues to rise, the rupture disk bursts, releasing the pres- 
sure. To achieve quantitatively useful results, it is 
necessary to specify precisely all the physical condi- 
tions for the measurement. 


QUICK RELEASE LATCH — See cable release, pyro- 
technic. 
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r—A symbol for radian. 


R — The symbol for: any non-specific alkyl group in 
organic chemistry (also seen as R', etc. if more than 
one such groups are in a molecule), the universal gas 
constant, resistance and Reynolds number. 


RA — Abbreviation for radio altimeter. See altimeter 
(radio altimeter). 


RACK -— See mortar rack, fan rack or firework stick 
rocket rack. 


RACK-A-ROCK -— See Sprengel explosive. 

rad — A symbol for radian. 

RADAR ALTIMETER — See altimeter (radio altimeter). 
RADDIENA — See Maltese firework term. 


RADIAN — (Symbol: r or rad) — pare Length = radius 
The derived SI unit of meas- 
ure of a plane angle. One ra- 
dian is that angle with its Angle= 
vertex at the center of a cir- 1 "@d!an 
cle and subtended by an arc 
equal in length to the radius 
of the circle as illustrated at the right. Thus, one radi- 
an equals 360°/2z or approximately 57.3°. 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


The radian is a unit of angular measurement that is 
convenient for quantifying some measurements of 
light emission. 


RADIANT EMITTANCE — The radiant flux per area of 
emitter (i.e., source). 


RADIANT ENERGY — Energy carried by some form of 
electromagnetic radiation. 


RADIANT TEMPERATURE -— The temperature measured 
using a total-radiation pyrometer when sighted upon a 
body (i.e., object). The readings usually assume the ra- 
diant object is a black body (which, by definition, has 
an emissivity of 1). Since most objects have an emissiv- 
ity less than 1, the readings are often corrected to yield 
a better estimate of the true temperature of the body. 
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RADIATION — See thermal energy transfer mechanism. 


RADIATION LAW — Any one of the four physical laws 


that, together, fundamentally describe the behavior of 
black body radiation, such as from some types of 
firework sparks. 


Kirchhoff’s law — Essentially a statement of the law 
of conservation of energy as it applies to the interaction 
of electromagnetic radiation with matter. Simply stat- 
ed, the electromagnetic radiation incident on a body is 
equal to the absorbed component plus the sum of the 
reflected component and the transmitted component. 


For a body in thermodynamic equilibrium in an iso- 
lated, perfectly insulated enclosure having walls that 
can absorb radiation at every wavelength: 


In this equation, / is the emissive spectral radiance 
(see emissivity) of a perfect black body, a universal 
function only of wavelength and temperature; F is the 
emissive spectral radiance of the body in question 
and A is the dimensionless absorptive ratio (see ab- 
sorptivity), which is the same for all bodies at a given 
temperature. 


This law is named after Gustav R. Kirchhoff (1824— 
1887), a German physicist, who contributed much to 
the fundamental understanding of electrical circuits, 
spectroscopy and energy emission from heated objects. 


Planck’s law — (Also Planck’s radiation formula or 
Planck’s radiation law) — Quantifies the variation of 
intensity of black body radiation (at a given tempera- 
ture) as a function of wavelength. This law (in the 
form of an equation) was postulated in 1900 by the 
German physicist Max Planck (1858-1947) to quan- 
tify the emission of energy from hot objects. 


Planck’s equation may be written: 
2he* 1 
a ae 
out | 


CRORE 


Here, B,(A,T) is the spectral radiance (i.e., the energy 
emitted by a black body in one second at wavelength 
X per unit area of the body per unit solid angle at ab- 
solute temperature 7). The units of B8,(4,T) are 
W:sr'-m™?. In this equation, 1 is the wavelength of 
the emitted radiation in m; / is Planck’s constant 
(6.63x10 **Js),k is Boltzmann’s constant (1.38*10 73 
J/K), and c is the speed of light (3.00x10° m/s). 
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Stefan-Boltzmann’s law — (Also Stefan’s law or 
Boltzmann’s law) — States that the amount of energy 
radiated per unit time from a unit surface area of a 
black body is proportional to the fourth power of the 
absolute temperature (in kelvin) of the black body 
(T,). The law is: 


E=o(T'-T,) 


Here, E is the total energy (in energy per unit area of 
the emitter) emitted by the black body, o is the Stefan- 
Boltzmann’s constant (5.67x10° J/K*m’s), and Ty is 
the surrounding temperature of the black body. In most 
situations (because the temperature is raised to the 4 
power), temperature of surroundings can be ignored. 


For gray bodies, which have emissivities (€) between 
0 and 1 (independent of wavelength), the Stefan- 
Boltzmann’s law becomes: 


E=o-e(T'-T,) 


Stefan-Boltzmann’s law identifies the importance of 
temperature in the intensity of the light emission from 
incandescent bodies. Consider two identical bodies, 
one at 1000 K and one at 2000 K (727 and 1727 °C, 
respectively). The body at 2000 K emits 16 times the 
light energy of the cooler one. 


For spectral bodies, emissivities (¢) are also between 0 
and | but are a function of wavelength. Thus, an inte- 
gral form of the Stefan-Boltzmann’s equation (above) 
must be used to determine the total emitted energy of 
a spectral body. 


Wien’s displacement law — (Also Wien’s law) — 
States that the wavelength of maximum radiation in- 
tensity for a black body is inversely proportional to 
the absolute temperature of the radiating black body. 


RADIATIVE HEAT TRANSFER — See thermal energy 
transfer mechanism. 


RADIATIVE IGNITION — See ignition type. 


RADICAL (chemistry) — A small collection of atoms 
that tends to act as a single 
entity in a chemical reaction. 
The atoms of a radical are 
bound together by covalent 
bonds, and the radical is in 
turn covalently bound to oth- 
er atoms to form a molecule. 
Examples of common radi- 
cals are presented at the right. 


Chemical 
Radical Formula 
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The name of a radical is also used in naming the 
compound that contains it. If a hydrogen atom in a 
hydrocarbon is replaced by a radical, the new com- 
pound can be named by putting the name 
of the radical in front of the name of the 
hydrocarbon. For example, nitrobenzene 
has a nitro radical replacing a hydrogen 
atom in a benzene molecule as shown at 
the right. 


One exception to this naming convention is for com- 
pounds in which a hydrogen atom is replaced by hy- 
droxyl radicals. The suffix ‘ol’ may be used (as in 
ethanol, phenol, ethane-1,2-diol) or, less confusingly, 
the prefix ‘hydroxy’ (but not ‘hydroxyl’) is used. Un- 
der the latter convention, the three compounds just 
mentioned are called hydroxy-ethane, hydroxy- 
benzene and 1,2-dihydroxy-propane. 


Radicals that impart characteristic chemical proper- 
ties to the molecules that they form are described as 
functional groups. Radicals that carry a charge are 
described as molecular ions. Molecules that have an 
odd number of electrons are sometimes described as 
free radicals. For example, the molecule strontium 
monochloride [SrCl"], an important emitter of red 
light in pyrotechnic flames, has an odd number of 
electrons and is described as a free radical. 


RADIENA — See Maltese firework term. 


RADIO (fireworks) — See firework rocket type, basic 
(line rocket). 


RADIO ALTIMETER — See altimeter. 


RADIO FREQUENCY INTERFERENCE — See electro- 
magnetic interference. 


RADIOMETER — (Pronounced ra-dé-'a4-mo-ter in the 
US and Canada) — An instrument for detecting and 
measuring radiant energy. The term is usually applied 
to instruments that measure non-visible light, most 
commonly infrared (IR) radiation; an instrument for 
measuring visible light is commonly termed a pho- 
tometer or light meter. An example of a radiometer 
and its sensor is shown farther below. 


One application for a radiometer is to measure the 
thermal dose (i.e., exposure to thermal radiation) that 
would be received by a person as a result of burning 
various quantities of a pyrotechnic composition, such 
as might occur in a manufacturing accident. 
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RAGGETTE SHELL or RAGGETTA SHELL — See rosette 
shell. 


RAIL (fireworks) —(Also firework slat, firework terminal 


board or firework terminal strip) —-An assembly used in 


an electrically fired display 
that provides numerous 
electrical connection points 
(i.e., terminals) for attach- 
ing electric matches. A rail 
is often a wooden or plastic 
device, perhaps 2-inches 
(50-mm) square in cross 
section and several feet (1 
or more meters) long; it 
apparently derives its name 
from its somewhat long, 
thin (rail-like) appearance. 
In use, it is placed along- 
side a collection of pyro- 
technic devices, as shown 
at the right. The leg wires of 
electric matches (e.g., from 
aerial shells loaded in the mortars), will then be at- 
tached to the terminals in preparation for their firing. 
In the example at the right, 25 pairs of terminals are 
on a rail approximately 5 feet (1.5 m) long. 


In recent years, with a growing tendency to place 
numerous mortars close together, it has become com- 
mon for rails to be more compact, such as the unit 
shown below, where 32 pair of connecting points are 
all placed within approximately 1.5 feet (0.5 m) of rail. 


RAIL RACK — See mortar rack. 


RAILROAD FLARE and RAILWAY FLARE — See fusee 
(signal). 
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RAILWAY TORPEDO and RAILWAY DETONATOR — 
See torpedo, railway. 


RAIN, GOLD OR SILVER — Describes a pyrotechnic 
effect producing orange, yellow or white particulate 
fire that falls, under the influence of gravity moderated 
by air resistance, in a manner suggestive of rain. 


As an aerial effect: Rain effects can be produced by 
any of several methods. Occasionally this may be ac- 
complished by dispersing a multitude of tiny slow- 
burning stars. More commonly, rain effects are pro- 
duced by persistent incandescent residues (i.e., pyro- 
technic sparks, see spark duration, control of). These 
sparks are produced either by large comet stars or by 
small, fountain-like rain cases filled with a spark- 
producing composition. Rain effects may be dispersed 
from firework aerial shells, mines or rocket headings. 


A collection of historic rain formulations (Kentish, 
1878) are presented below. Formulations 1 to 3 are 
described as gold rain compositions, and formulations 
4 to 6 are described as silver rain compositions. 


Formulation 
Ingredient | (1) | (2) | (3) | (4) | 6) | 6) 


a) Not further specified, presumably arsenic(II) sulfide. 
b) Not further specified. 


A collection of more modern rain formulations is pre- 
sented above. Formulations 7 and 8 (Degn, 1970) and 
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formulations 9 and 10 (Lancaster, 2006) are de- 
scribed as gold and silver rains, respectively. 


As a ground effect: Rains (and showers) can also re- 
fer to a now obsolete consumer firework, once popu- 
lar in Britain and Australia that consisted of a thin 
paper case, closed at one end by dubbing and filled 
with a simple composition that produced a spray of 
gold or silver sparks. As a relatively small device, it 
was intended to be held in the hand while burning, so 
that it could be waved about to improve the effect. 
Larger versions could be stake-mounted and _ pro- 
duced a more forceful, fountain-like effect. 


RAINBOW -— See aerial shell name and description 
(specific). 


RAIN CASE — (Also rain tube) — A small, thin-walled 
paper tube used to produce rain effects after being 
filled with rain composition (see rain, gold or silver). 
The rain cases (illustrated below in cross-section) are 
commonly approximately 0.5 inch (12 mm) in diame- 
ter and 2 inches (50 mm) long. 


Rain Composition 


Paper Casing 
RAIN MAKING — See cloud seeding. 


RAM — The movable (typically cylindrical) part of a 
mechanical press, such as may be used to compress 
pyrotechnic compositions or explosives into a con- 
tainer or to force material through a die. A ram may 
be operated hydraulically or mechanically. 


RAMAIR — (Also ram pressure) — Airflow that is pressur- 
ized by the deceleration of the flow velocity. High- 
pressure and high-temperature ramair is obtained by 
the deceleration from a supersonic airflow to a sub- 
sonic airflow through the formation of a shock wave. 
Ramair is used in ducted rocket motors and ramjet 
engines. 


RAMBURNER — A combustion chamber for a fuel sup- 
plied with the ramair from the atmosphere. (See 
rocket motor, ducted.) 


RAM DRAG - The force developed as the result of air 
entering an air scoop or air inlet of a vehicle in flight. 


RAMMED FUSE - See spolette. 
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RAMMER - (Also ramrod, ramming rod or drift) — 
Typically, a rod used to compact loose pyrotechnic 
composition into a tube. The rammer must be slightly 
smaller in diameter than the inside diameter of the 
tube into which the loose composition is to be com- 
pacted. The rammer may be used to compress the 
composition using mallet blows or, preferably, using 
a press (either mechanical or hydraulic). Rammers 
are best made from hardwood or non-sparking metals 
such as aluminum or brass. 


In firework rocket motor tooling, it is necessary that 
the rammer has a central hole to accommodate a 
spindle, used to provide an open core in the com- 
pressed pyrotechnic composition. Such tooling is also 
used to produce some types of gerbs. 


The long, narrow metal shaft used to compress a charge 
of Black Powder and seat a projectile in a muzzle- 
loading small arm is also described as a rammer. 


RAMMING — The process of compacting pyrotechnic 
composition into a container, such as a tube. For rea- 
sons of safety and reliability, ramming is preferably 
accomplished with a mechanical or hydraulic press 
rather than by a manual process. Manual ramming, 
when performed, is typically accomplished using a 
wooden mallet to strike a rammer, which compresses 
the pyrotechnic composition. Having an accidental 
ignition when ramming a pyrotechnic composition in 
this manner may be described as striking fire. 


If manual ramming is attempted, many safeguards 
must be in place, as the manual process can be quite 
dangerous. Safeguards include ramming away from 
any substantial amount of pyrotechnic composition, 
using only non-ferrous tools to avoid spark genera- 
tion, using a safety shield, wearing protective clothing 
(including gloves, a heavy apron and eye protection) 
and ramming in an isolated location. It is also neces- 
sary to avoid ramming compositions that are known 
to be easily ignited by mechanical means (e.g., chlo- 
rates combined with sulfur, sulfides and many organic 
compounds). Compositions that have hard or gritty 
components, such as those containing titanium or fer- 
rotitanium, must also to be avoided. 


RAMMING ROD — See rammer. 
RAM PRESSURE — See ramair. 
RAMROD — See rammer. 


RANGE — The term can be applied to numeric values or 
to a physical (i.e., geographic) site. 
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Numeric range: The numeric difference between the 
maximum and minimum for a given set of numbers 
or values. Also, in this context, range may describe 
the distance between two objects, usually an observa- 
tion point and an object under observation. Range 
may also describe the maximum distance attributable 
to some process, for example, in visual range (i.e., 
how far one can see) or the range of a rocket (i.e., the 
distance that can be reached by the rocket). 


Physical range: The land area in and over which an 
activity is conducted, for example, a test range or a 
firing range. 


RANGE SAFETY OFFICER (rocketry) — See safety 
monitor. 


RANKINE-HUGONIOT EQUATION — The mathematical 
description of a shock wave traveling normal (i.e., 
perpendicular) to the prevailing flow without chemical 
reactions. The ratios of pressure, density and temper- 
ature in the upstream and the downstream are calcu- 
lated based on the conservation equations for mass, 
momentum and energy. 


RAP™ SHELL — A type of cylindrical, plastic shell 
casing. RAP is an acronym for Rapid Assembly Plas- 
tic. While original RAP shells are no longer available, 
similar designs are still in commercial production. A 
4-inch assembled RAP shell along with the compo- 
nents for a 3-inch RAP shell are shown below. 


The components included two plastic end disks. (The 
hole in one end disk held the time fuse and the hole in 
the other end disk was filled with a suspender ring). 
Also included was a thin-walled ring that held the 
Black Powder lift charge and was closed with a card- 
board end disk that had one hole through which the 
quick match shell leader would pass into the lift charge. 


The plastic components were secured together by 
solvent bonding (see we/d). When a vigorous break 
charge (such as whistle break) was used, the shell’s 
contents were distributed with a relatively high de- 
gree of symmetry when the shell burst. 


RARE EARTH ELEMENT — A collective term for 17 
elements in Group 3A of the Periodic Table, some of 
which are of potential interest in pyrotechnics as 
flame color-agents, either as metals or as compounds. 
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Promethium is radioactive, with only short-lived iso- 
topes, so it is of no interest in pyrotechnics. Some 
other rare earths are of interest as potential metal fuels. 
Their use in such applications is currently precluded 
by their very high cost; even if cost were not an issue, 
uncertainties as to the toxicity of these materials re- 
main to be resolved. Some rare earth metals (lantha- 
num, cerium, praseodymium, neodymium and europi- 
um) are very susceptible to corrosion on exposure to 
moist air, but the others are no more prone to corro- 
sion than, for example, magnesium metal. 


Recent research has shown that some rare earth met- 
als can produce unusual colored sparks when coarse 
powders (>50 pm) are burned with an oxidizer. For 
example, ytterbium produces green sparks and samar- 
jum produces pink sparks. Their combustion is ac- 
companied by a crackling noise. Also, mixtures of 
the acetylacetonates of cerium or lanthanum and 
ammonium perchlorate produce orange and white 
flames, respectively. 


Some information about the rare earth elements and 
the colors they produce is presented below. 


RAREFACTION — Pertains to atmospheric pressures 
less than ambient or less than at sea level, such as at 
high altitude. Rarefaction (also described as the nega- 
tive phase) occurs following the positive phase of a 
blast wave in air. 
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RAREFACTION WAVE — A pressure wave (the oppo- 
site of a compression wave) in an elastic medium in 
which there is an increase in volume (i.e., a decrease 
in density). A rarefaction wave (described below as 
the negative phase) is seen traveling supersonically 
behind the compression wave (described as the posi- 
tive phase) of an air shock wave and acts to reduce 
air pressure to below ambient atmospheric. 


Peak Overpressure 
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RASP — Abbreviation for the rocket altitude simulation 
program. 


RAT — See firework rocket type, basic (line rocket) and 
chaser. 


RATE OF BURNING — See burn rate. 


RATE STICK — Typically, a cylinder of explosive or 
pyrotechnic material into which sensors have been 
implanted that allow the measurement of the velocity 
of propagation (for low explosives) or the velocity of 
detonation (for high explosives). (See VOP determi- 
nation, method for (strand burner method).) 


RATIO OF SPECIFIC HEAT — See heat capacity ratio. 


RATTAN — Any of a variety of climbing palms, from 
the tribe Calameae, native to tropical Asia. The stems 
of these plants superficially resemble bamboo, but 
unlike bamboo the stems are not hollow. After being 
stripped of its fibrous skin, rattan cane can be wetted 
and bent into a shape, which it holds after drying. It is 
frequently used to make furniture. 


In fireworks: Rattan is commonly used in making the 

setpiece patterns and wheels upon which lance tubes 

or other pyrotechnics are mounted, often using dou- 

ble pointed nails. (See /ance (lance tube mounting).) 
RAW MATCH - See black match. 


RAYLEIGH FORMULA — See aerodynamic force. 
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RAYONNANT — See firework name and description 
(historical). 


RDX -— See hexahydro-1,3,5-trinitro-1,3,5-triazine. 


Re — (Also R, Rn or Nee) — Abbreviation for Reynolds 
number. 


REACTANT — See chemical reactant. 


REACTION, CHEMICAL — See chemical reaction and 
chemical reaction type. 


REACTION, ENDOTHERMIC -— See endothermic reac- 
tion. 


REACTION ENGINE — (Also reaction motor) — A pro- 
pulsion device that develops thrust as the result of a 
substance being ejected from it. Any engine that 
ejects a jet or stream of gases created by the burning 
of fuel within the engine is a reaction engine. A reac- 
tion engine operates in accordance with Newton’s 
third law of motion (i.e., to every action there is an 
equal and opposite reaction). Both rocket engines and 
jet engines are examples of reaction engines. 


REACTION, EXOTHERMIC — See exothermic reaction. 


REACTION FORCE — In the area of physics described 
as mechanics, the force that balances another oppos- 
ing force, as stated in Newton’s third law of motion. 
(“To every action there is always opposed an equal 
reaction.”) The reaction force is the exact opposite of 
an applied force in both its direction and magnitude. 


In rocketry: See thrust, rocket. 
REACTION MOTOR — See reaction engine. 
REACTION PRODUCT — See chemical product. 


REACTION RESEARCH SOCIETY — (Abbreviated 
RRS) — One of the oldest amateur rocketry organiza- 
tions. It was founded in 1943 by members of a 
Southern California group to investigate all forms of 
reaction-based vehicles: solid, liquid and hybrid. In 
1996 a rocket launched by the RRS reached an alti- 
tude of 50 miles. They own a Mojave Desert launch 
site, which is adjacent to Edwards Air Force Base 
and thus protected by the restricted airspace of the 
military base. They lease the use of their launch facil- 
ities to the Pacific Rocket Society and welcome high- 
power rocket fliers to visit and fly anything — as big 
and high as they want as long as it is prearranged, 
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and their safety procedures are obeyed. For more in- 
formation see: www.tTs.org. 


REACTION TEMPERATURE, ADIABATIC — See flame 
temperature, adiabatic. 


REACTION TYPE, CHEMICAL — See chemical reaction 
type. 


REACTION TYPE, EXPLOSIVE — See explosive reaction 
type. 


REACTION ZONE (explosives) — The region between 
the shock front and the Chapman-Jouguet surface in a 
detonation wave in a detonating explosive, where the 
oxidation-reduction chemistry is taking place and 
where energy is being liberated. Primary explosives 
typically have thin reaction zones and reach steady 
state detonation very quickly; non-ideal explosives 
usually have relatively large reaction zones and take 
a much longer time to reach a steady state detonation. 
The thinner an explosive’s reaction zone, the faster it 
builds to a steady state detonation. Usually, the thin- 
ner an explosive’s reaction zone, the more sensitive 
the explosive is to initiation. 


REACTIVE MATERIAL — From a regulatory stand- 
point, a material that can undergo a hazardous chemi- 
cal reaction with other materials. 


REACTIVITY — See chemical reactivity and pyrotechnic 
reactivity. 


READY BOX — (Also reload magazine) — A sturdy, fire- 
resistant container used to temporarily store firework 
aerial shells or other fireworks at a firework display 
during which reloading will take place. A ready box 
should have a self-closing lid, be oriented so that its 
lid opens away from the mortars and be placed at least 
30 feet (10 m) upwind from the mortars at a display 
site. One type of ready box is illustrated below. A 
ready box is sometimes informally referred to as a 
magazine. 


Lid attached 
by hinges 


Cord to prevent 
lid opening more 
than halfway (will 
be self-closing) 


Wood or metal box 


Two examples of ready boxes are shown below. 
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On occasion, a garbage can is used as a ready box 
(shown below). While it may be convenient, a gar- 
bage can is a poor choice for two reasons. First, in the 
absence of an attached, self-closing lid, it is highly 
likely that the lid will soon come to be left off, leaving 
the contents exposed to accidental ignition. Second, 
in attempting to reach the shells at the bottom of the 
deep can, one will need to assume a dangerous posi- 
tion by having to bend over and place one’s head 
over the top of the can. 


READY-BOX TENDER — (Also magazine tender) — The 
member of a firework display crew who is positioned 
at aready box. This person’s job is to hand the proper- 
size shell to the loader(s). The job also includes pro- 
tecting the fireworks in the ready box from sparks 
and burning debris during a display where reloading 
is taking place, mostly by keeping the ready-box lid 
closed whenever possible. 


READY-TO-GO (pyrotechnic special effect) — See pre- 
load (pyrotechnic special effect). 


REALGAR — See arsenic(II) sulfide. 


REAR EJECTION OR DEPLOYMENT (rocketry) — The 
deployment of the recovery device from a rocket in a 
rearward manner. The rocket remains in one unit. 


RECEPTOR — See acceptor. 


RECOIL — The backward force created by expelling a 
projectile or substance. 


In fireworks: See mortar recoil force. 


In rocketry: See reaction engine. 
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RECOMMENDED EXPOSURE LIMIT — (Abbreviated 
REL) — See toxicology regulatory term. 


RECOMMENDED FIRING CURRENT — See firing cur- 
rent. 


RECOMMENDED TEST CURRENT — See firing current. 


RECOVERY AREA — An area designated by the range 
safety officer (or safety monitor) for the recovery of 
amateur and high-power rockets. 


RECOVERY DEVICE (rocket- 
ry) — A component of a 
rocket’s recovery system that 
slows the fall of the rocket, 
after completion of its up- 
ward flight. Following the 
rocket’s boost phase, the re- 
covery device is not de- 
ployed until after its coasting 
phase. (See rocket flight- 
phase, amateur.) This allows 
the rocket to slow sufficient- 
ly to prevent the rocket’s de- 
struction or the destruction 
of the recovery device upon 
its being deployed. Usually, 
the recovery device is a par- 
achute. An example of a 
model rocket descending 
under its parachute is shown at the right. 


Photo Credit: Mark Coffin 


A simple, model-rocket parachute is shown below, 
folded in half (left) and with its shroud lines attached 
to a shock cord with the parachute prepared for load- 
ing into a rocket (right). 


A recovery device substantially increases the aerody- 
namic drag of the spent rocket during its decent. In 
addition to parachutes, there are several other recovery 
devices and methods. In some small model rockets, a 
simple long streamer may be used. In other cases, the 
ejection charge may be used to change the rocket 
aerodynamically into a glider. This is sometimes 
achieved by separating the propulsion device (with its 
own recovery system) from a glider; in other cases, it 


Heatey 
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may be achieved by changing the location of the center 
of gravity or the wing position to achieve a gliding 
configuration. It is not unusual to see a combination 
of recovery devices used on the same vehicle. 


RECOVERY PHASE (rocketry) — See rocket flight-phase, 


amateur. 


RECOVERY SYSTEM (rocketry) — The collection of 


components that provide for the safe recovery of am- 
ateur rockets after the completion of their flight. 


In_ model rocketry: An example of the recovery sys- 
tem commonly used for model rockets is illustrated 
below in cross section. The delay time, which pro- 
vides for a suitable coast phase before deploying the 
recovery device, is provided by a slow-burning delay 
composition built into the model rocket motor. Fol- 
lowing this delay, a small ejection charge (commonly 
Black Powder), also built into the model rocket mo- 
tor, is ignited and provides a burst of gas from the top 
of the motor. 


Rocket 


Body Parachute 


5 


This expanding burst of gas, which acts against the 
flame-resistant wadding, pushes the wadding and the 
recovery device (commonly a parachute) out the top 
end of the rocket (displacing the nose cone and/or 
forward portion of the rocket in the process). In some 
cases, a reusable piston, which is tethered to the main 
body tube (or some other portion of the rocket), may 
be used instead of wadding. 


The wadding protects the recovery device from the 
burning gas of the ejection charge. As an alternative 
to disposable wadding, an ejection baffle, built into 
the rocket tube, can be used. 


In high-power _rocketry: The recovery systems of 
high-power rockets are often more complex and/or 


elaborate than those used in model rockets. This re- 
flects the greater cost and greater weight of high- 
power rockets. 


The recovery device is usually a well-designed para- 
chute, often used in conjunction with a drogue para- 
chute. The deployment of the recovery device is 
commonly activated electronically using a timer, al- 
timeter and/or by radio control. The mechanism of 
deployment may be pyrotechnic or mechanical. 
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Redundancy in the recovery system provides greater 
assurance of a successful recovery of the spent rocket. 
In addition, it is common for the primary recovery 
device not to be deployed until the rocket has fallen 
most of the way back to the ground. This will reduce 
the amount of downwind drift of the rocket during 
the period of its decent. 


RECRYSTALLIZATION — The process when a soluble 
substance(s) separates from its solution (i.e., crystal- 
lizes) as a result of solvent evaporation or a tempera- 
ture change. Recrystallization is often used in chem- 
istry as a purification technique. 


Coacervation is an unusual type of recrystallization 
that can be used in pyrotechnic applications, such as in 
the field expedient method of making Black Powder. 


RED ARSENIC and RED ARSENIC SULFIDE — See ar- 
senic(I]) sulfide. 


RED BARON -— Jargon for a boost glider that has mal- 
functioned by becoming tangled with the streamer or 
parachute of its booster pod. The name comes from 
the effect of the entire model tending to nosedive into 
the ground, like a World War I airplane that has just 
been shot down. 


RED CHARCOAL — See charcoal type (brown charcoal). 
RED COPPER OXIDE — See copper(I) oxide. 


REDDISH GAMBOGE — See aerial shell name and de- 
scription (specific) (gamboge). 


RED EXPLOSIVE — A very sensitive pyrotechnic mix- 
ture of potassium chlorate and arsenic(II) sulfide. A 
formulation for red explosive (Lancaster, 1972) is 
presented below. 


Ingredient [Parts by Weight 


Red explosive is only slightly less sensitive than 
Armstrong’s mixture and is about as dangerous. Red 
explosive must be mixed wet to reduce the likelihood 
of its ignition (and explosion). It has occasionally 
been used in the Orient to make crackling cores for 
firework stars. It has also been used in making small 
torpedoes (i.e., cracker balls) and in party poppers. 
Because of its sensitiveness and toxicity, it finds very 
few uses today. 
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RED FLAME CHEMISTRY - See colored-flame chem- 


istry. 


RED GUM -— [natural biological product] — {CAS 9000- 


20-8} — (Also acaroid resin, accroid, accroides gum, 
gum accroides, Yacca gum, Yacca resin or Botany 
Bay resin) 


Red gum is an important fuel in fireworks. It is a natu- 
ral, reddish-brown vegetable resin, soluble in alcohol 
but not in water. Thus, it is technically a resin and not 
a gum; nonetheless, the name red gum is commonly 
used. This material should not be confused with the 
resin, or kino, from a eucalyptus tree (Eucalyptus 
camaldulensis), also commonly referred to as ‘red 
gum’ (as is the tree itself and its timber). Some Inter- 
net sites erroneously list ‘kino, eucalyptus’ and ‘eu- 
calyptus gum, red’ as synonyms for gum accroides. 


Source: Red gum is produced in Australia principally 
from Tate’s grass trees, Xanthorroea semiplana ssp. 
tateana. For over 100 years, this resin has been har- 
vested from plants grown on Kangaroo Island off the 
south coast of Australia. Several other species of 
Xanthorroea (X. australis, X. preissii, X. arborea, and 
others) grown on the Australian mainland also pro- 
duce resin, and these have, on occasion, been com- 
mercially harvested. A yellow resin, from X. hastilis, 
at one time was sold as yellow acaroid or Botany Bay 
gum, but it is now rarely, if ever, encountered. 


The Xanthorroea plants from which red gum is de- 
rived are variously described as Yacca trees, grass 
trees and ‘blackboys’. The latter once-common name, 
which derives from an imagined resemblance be- 
tween the black-trunked tree with its long flower- 
spikes and an Australian aborigine with his spears, is 
now considered offensive in Australia. A group of 
Xanthorroea plants is shown below. 


The trunk consists of a central core surrounded by a 
tight layer of old leaf-bases, usually burned black from 
bushfires and cemented together with resin. When the 
trunk’s covering of old leaf-bases is injured, the tree 
exudes a resinous sap that hardens to cover the 
wound. This is crude red gum, as shown below. 
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In the past, as much as 200 
tons per year of this mate- 
rial have been exported. 
More recently (1994), only 
30 tons were collected and 
processed between July and 
September of that year. 
Nodules of red gum are 
shown at the right. 


Health information: TLV: none established. Most nat- 


urally derived resins can provoke allergies. 


UN hazard classification: not regulated. 


Chemical properties: The chemical composition of 


red gum is complex, and literature accounts differ. 
Investigators have studied specific components of the 
resin, but data on the bulk composition and the en- 
thalpy of combustion are not available. 


In explosives: Red gum has been used as a raw mate- 


rial for making 2,4,6 trinitro-phenol (picric acid) for 


use as an explosive. 


In fireworks: Red gum is a commonly used fuel in 


colored-star formulations and in general as a non- 
aqueous binder. It is less costly than shellac and is a 


more vigorously burning fuel. The burn rate of red 


gum compared to shellac is presented in the table far- 
ther below (Shimizu, 1981). 


Historical: In 1770 samples of red gum were first col- 


lected by crewmembers from the ship Endeavour under 


the command of British explorer, navigator and cartog- 
rapher Captain James Cook (1728-1779). Some obso- 
lete names for red gum are Kouri gun and names based 
on ‘Sheel-lac’ (e.g., Sheel-lac gum and red Sheel-lac). 

RED IRON OXIDE - See iron(II) oxide. 

RED LEAD - See lead(IL,II,IV) oxide. 

RED OCHRE — See iron(III) oxide. 


REDOX REACTION (chemistry) — See chemical reac- 
tion type (oxidation/reduction reaction). 
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Burn | Burn Rate (mm/s) | | Burn Rate (mm/s) | 


Oxidizer | Shellac | Red gum 
(80%) Coe) (20%) 


Density 


a) Unreliably combustible might be a better translation. 
For example, while pellets of composition can be ig- 
nited, they usually fail to burn completely; loose piles 
of composition tend to burn completely albeit some- 
what slowly. 


RED PAPER FIRECRACKERS -— See celebration string. 
RED PHOSPHORUS -— See phosphorus. 


RED POTASSIUM CHROMATE -— See potassium di- 
chromate. 


RED POWDER - See powder type. 


RED THERMITE and RED THERMITE PAPER — See 
thermite, red and powder-pasted paper. 


REDUCER (rocketry) — See body tube coupler. 


REDUCING AGENT — (Also reductant) — Any material 
that can be oxidized. In a pyrotechnic composition, 
the role of a fuel is to act as a reducing agent for the 
oxidizer. Pyro-chemically, a reducing agent (i.e., 
fuel) always contains atoms that readily lose elec- 
trons (the process of an atom losing electrons is de- 
scribed as oxidation). Accordingly, as the atoms of a 
fuel react and lose some of their electrons, they in- 
crease their oxidation number. At the same time, 
some of the atoms of the oxidizer gain electrons (1.e., 
are reduced) and their oxidation state decreases. 


For example, magnesium metal is a classic example 
of a reducing agent (i.e., fuel). When magnesium 
[Mg] burns in oxygen [O2] to form magnesium oxide 
[MgO], the reaction is: 


2Mg + OQ. > 2Mg"'O? > 2MgO 


In this reaction, each magnesium atom loses two 
electrons and becomes a magnesium ion [Mg’"]. At 
the same time, each oxygen atom acquires two elec- 
trons from a magnesium atom and becomes an oxide 
ion [O” ]. Solid magnesium oxide is an array of mag- 
nesium and oxide ions held together electrostatically 
as an ionic bond. 


In determining oxidation states, neutral atoms are as- 
signed a value of 0, and single atom ions are assigned 
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a value equal to their charge. Thus, in the above ex- 
ample, the magnesium atoms have been oxidized (each 
having lost two electrons) with their oxidation state 
having increased from 0 to+2. The oxygen atoms have 
been reduced (each having gained two electrons) with 
its oxidation state having been decreased from 0 to —2. 


Consider another example involving magnesium met- 
al, this time reacting with copper(II) oxide [CuO] to 
again form magnesium oxide and copper metal [Cu]: 


Mg + CuO > MgO + Cu 


In this reaction, a type of Goldschmidt reaction, 
magnesium is again the reducing agent (1.e., fuel) and 
is oxidized. Each magnesium atom loses two elec- 
trons to become a magnesium ion [Mg”’], with its ox- 
idation state increasing from 0 to +2. Copper(II) oxide 
is the oxidizer and is reduced. In copper oxide, each 
copper atom can be thought of as a copper(II) ion 
[Cu**], assuming that the bonding is ionic. Thus, the 
oxidation state of the copper atom in copper(II) oxide 
is +2. As a result of acquiring two electrons from a 
Mg atom, the copper atom has its oxidation state de- 
creased to from +2 to 0. In this reaction, the oxide 
ions [O? ] have remained the same, with the oxygen 
retaining an oxidation state of —2 (having been nei- 
ther oxidized nor reduced). 


Carbon is another classic example of a reducing 
agent (1.e., fuel). When carbon burns in sufficient oxy- 
gen it forms carbon dioxide [CO2]: 


C +O. > CO; 


As reactants, both the carbon and oxygen atoms have 
oxidation states of 0. In the product, the carbon atom 
shares two of its four outer electrons with each oxygen 
atom, and in turn, the carbon shares two of the outer 
electrons of each oxygen atom. The shared pairs of 
electrons hold the atoms together as four covalent 
bonds. 


In determining the oxidation states of unlike atoms 
bound together by covalent bonds, all the shared elec- 
trons are assigned to the most electronegative ele- 
ment. In the case of carbon dioxide, oxygen is the 
most electronegative. Thus, the carbon atoms have 
been oxidized, with its oxidation state increasing from 
0 to +4, because of having its four shared electrons 
now conceptually assigned to the two oxygen atoms. 
Each oxygen atom has been reduced, with its oxida- 
tion state decreased from 0 to —2, because of each 
having two of carbon’s shared electrons conceptually 
assigned to it. 


Sulfur is an important pyrotechnic fuel (i.e., reducing 
agent) in many pyrotechnic compositions. For exam- 


Encyclopedic Dictionary of Pyrotechnics 


ple, in the pyrotechnic mixture of sulfur and potassi- 
um chlorate in a molar ratio of 1:1 (close to 1:4 by 
weight), the combustion reaction is predominantly: 


2KCIO3 +28 > 2KCI + 2SO2 + Oz 


When sulfur combines with oxygen from the chlorate 
ion to form sulfur dioxide [SOz], it is held together by 
the covalent bonds of shared pairs of electrons. Each 
sulfur atom shares two of its six outer electrons with 
each of two oxygen atoms. In turn, the two oxygen 
atoms each share two of its outer electrons with the 
sulfur atom. Because oxygen is the more electronega- 
tive than sulfur, the shared electrons of the covalent 
bonds are assigned to oxygen. The sulfur is thus oxi- 
dized (having had its oxidation state increased from 0 
to +4). At the same time, the chlorine atom in the 
chlorate ion has been reduced (having had its oxida- 
tion state decreased from +5 to —1.) This is because, 
instead of sharing some of its electrons with oxygen 
atoms in the chlorate ion, each chlorine atom has 
gained an electron, forming a chloride ion [CI] in po- 
tassium chloride [KCl]. 


In some circumstances (such as when reacting with a 
sufficiently active metal fuel), sulfur can act as an ox- 
idizer, rather than as a fuel. For example, when zinc 
dust and sulfur are burned (as in an early amateur 
rocket propellant), the reaction is: 


Zn +S > Zn*S* > ZnS 


In this case, sulfur is the oxidizer, because its atoms 
gain electrons in the reaction (its oxidation state is 
decreased from 0 to —2), and zinc is the reducing 
agent (i.e., fuel) because its atoms lose electrons (its 
oxidation state increases from 0 to +2). 


REDUCTANT — See reducing agent. 


REDUCTION — The opposite of chemical oxidation. 
Originally, reduction was only considered to be the 
process of driving off oxygen, such as in the smelting 
of iron ore to produce iron metal: 


2 Fex.O3 + 3C + Heat > 4Fe + 3 CO2 


The definition of reduction has been expanded to cover 
any chemical reaction in which an atom gains electrons 
(1.e., has its oxidation number decreased). In the above 
reaction, iron in the iron oxide begins with a charge 
(i1.e., oxidation number) of +3. The iron ends with a 
zero charge (i.e., oxidation number) as the neutral 
metal (i.e., iron has gained three electrons in the pro- 
cess and thus has been reduced). 


The reaction of zinc and sulfur provides an example 
of reduction when no oxygen is present: 
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Zn +S > ZnS 


Initially, sulfur has a zero charge as the neutral ele- 
ment but ends with a —2 charge in zinc sulfide (i.e., 
each sulfur atom has gained two electrons) and has 
been reduced by the expanded definition of reduction. 


REDUCTION REACTION — See chemical reaction type. 


REDUNDANT FUSING — The practice of providing a 
pyrotechnic device with more than one ignition fuse. 
Redundant fusing reduces the probability of a failed 
ignition (i.e., a dud) because such failure would re- 
quire the simultaneous failure of more than one fuse. 


While redundant fusing is not a cure-all for systemic 
problems, such as seriously wet or totally defective 
fusing, it does offer a worthwhile reduction in igni- 
tion failures. For example, if under a given set of con- 
ditions the probability of ignition failure of one time 
fuse is 0.01 (i.e., one ignition failure in 100 shell fir- 
ings), then the probability of both time fuses failing 
in the same shell firing is 0.01 = 0.01 or 0.0001 (i.e., 
one ignition failure in 10,000 shell firings), assuming 
there are no other defects in the materials or processes. 


In fireworks: With redundant fusing, more than one 
time fuse is used on a device (most typically on an 
aerial shell), as shown below. 


Over the period of the last 25 years, it has become 
common practice for commercial aerial shell manu- 
facturers who use Bickford-style time fuse to provide 
redundant fusing, even on shells as small as 3 inches 
(75 mm). This is most common for spherical shells 
from the Orient. Cylindrical shells, especially the 
smaller sizes, are less likely to be provided with re- 
dundant fusing. 


REEF (rocketry) — A technique used to gather the 
shroud lines of a rocket parachute to prevent it from 
opening fully. This is usually done on rockets that 
reach extreme altitudes or are launched on windy 
days because they need a higher rate of descent to 
help them land near the launch site. 
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A traveling reef technique places a soda straw or 
metal washer around the shroud lines, and it is slid all 
the way up to the parachute canopy during prepara- 
tion. Upon deployment, the parachute is prevented 
from opening until the parachute is fully deployed 
and the rocket has stabilized beneath it. The straw or 
washer then slides down the shrouds to allow the 
canopy to open gradually. This technique is used 
mostly on large rockets that might have very high- 
speed or high-altitude recovery deployment as it al- 
lows the rocket to slow and drop considerably before 
the parachute fully opens. 


REFERENCE JUNCTION — The cold junction in a ther- 
mocouple circuit that is held at a stable, known tem- 
perature. The standard reference temperature is 0 °C 
(32 °F); other temperatures may be used. 


REFRACTORY MATERIAL — A substance that can 
withstand high temperature without melting, crum- 
bling or cracking. Common refractory materials in- 
clude oxides of some reactive metals, such as alumi- 
num oxide and magnesium oxide, and a wide variety 
of ceramics. Refractory materials are often used in 
rocket nozzles, gerb chokes and other instances 
where resistance to high temperature is required. Re- 
fractory materials formed as reaction products in col- 
ored flames have the undesirable effect of weakening 
the purity of the color being produced (see colored- 
flame chemistry). 


REFRACTORY METAL THERMOCOUPLE — A class of 
thermocouples having melting points above 3600 °F 
(1980 °C). The most common thermocouples (types G 
and C) are made from tungsten and tungsten/rhenium 
alloys. They can be used for measuring temperatures 
up to 4000 °F (2200 °C) in a non-oxidizing, inert or 
vacuum environment. 


REGENERATIVE COOLING — See nozzle cooling. 


REGRESSIVE BURNING PROPELLANT AND ROCKET 
GRAIN — See propellant burning, type of. 


REGULAR AIRBURST -— See airburst (flash air burst). 


REGULATIONS (fireworks) (US)— See Code of Federal 
Regulations (US); National Fire Protection Associa- 
tion; and APA 87-1. 


REGULUS — A term used by alchemists to denote a 
heavy substance (e.g., molten metal) that sank to the 
bottom of the crucible in a metallurgical smelting or 
refining process. Regulus was used specifically to 
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designate a metal, as distinct from its ores and com- 
pounds. For example, regulus of lead meant lead 
metal, as distinct from the lead ore or any of the vari- 
ous other lead compounds known at the time. Other 
examples include regulus of tin, regulus of iron and 
regulus of copper. Although now obsolete, the term is 
encountered in older firework literature as regulus of 
antimony, denoting elemental antimony (as distinct 
from antimony(III) sulfide [Sb2S3]) because antimony 
by itself could have meant either substance. 


Origin: Regulus is a Latin word meaning little king and 
was originally used for the regulus produced when the 
substance then described as antimony (but now known 
as the mineral stibnite, Sb2S3) was smelted. It has been 
suggested that the name little king was given to anti- 
mony because of its power to render gold alloys un- 
workable. Less than 1% of antimony in a gold alloy 
has this effect, and a substance that could exert such 
great power over gold, the king of the metals, was 
presumably thought to deserve some regal status. Star 
regulus was cast elemental antimony that had a crys- 
talline surface, thus appearing somewhat star-like. 


REGULUS OF ANTIMONY - See antimony. 


REHEARSAL -— A performance, in whole or in part, in 
which public spectators are not present. In the US, 
the performers and non-pyrotechnic crewmembers are 
considered to be spectators and the requirements of 
NFPA 1126, ‘Standard for the Use of Pyrotechnics 
before a Proximate Audience’ must be met. 


RE-IGNITABLE MATCH — See match, repeatedly ig- 
nitable. 


REKINDLE — The return of a vigorously propagating 
flame after a period of a weak smoldering reaction. A 
fuse in which a hangfire has occurred, and which then 
resumes normal burning may be said to rekindle. 


REL — Abbreviation for Recommended Exposure Limit. 
See toxicology regulatory term. 


RELATIVE HUMIDITY — See humidity. 
RELATIVE IMPULSE -— See impulse. 


RELATIVE STRENGTH (explosive) — See high explo- 
sive equivalence. 


RELATIVE WIND — (Also apparent wind) — Airflow 
relative to a body. It may be due to the motion of the 
body in still air, motion of air about a body or a com- 
bination of both. For an aerial shell in flight, the rela- 
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tive wind will result from the combination of the 
shell’s motion and the wind that is blowing. 


RELAY (explosive) — A pyrotechnic or explosive train 
component that provides the required energy to cause 
the next element in the train to operate reliably. 


RELOADABLE ROCKET MOTOR — See rocket motor, 
reloadable. 


RELOADING — The operation of replacing a spent py- 
rotechnic charge with an unspent one. 


In fireworks: Reloading is typically the act of loading 
an aerial device into a mortar that has previously 
been fired during a firework display. 


In rocketry: Reloading is the act of preparing a re- 
loadable rocket motor for reuse. This typically in- 
cludes cleaning the rocket motor casing, inserting a 
new propellant grain(s), installing a new delay charge, 
reassembling the motor and adding the ejection 
charge. Often the nozzle and seals are also replaced. 


In small arms: In the context of small arms, reloading 
has two common meanings. One is the insertion of ad- 
ditional ammunition into a firearm. The other is to pro- 
duce ammunition by rebuilding spent cartridge casings. 


RELOAD MAGAZINE — See ready box. 


REPAIRING AERIAL SHELL LEADER -— (Also repair- 
ing quick match fusing) — As part of an aerial shell 
inspection prior to its use in a display, problems with 
the shell’s leader fusing may sometimes be discov- 
ered. (See shell leader deficiencies.) On those occa- 
sions, 1f the required knowledge, time and the needed 
materials are available, a repair can be made. 


Missing safety cap: When the safety cap is missing 
from the end of an aerial shell’s leader, it is a simple 
matter to make and install a replacement. This can be 
accomplished by wrapping a piece of paper around a 
suitable diameter mandrel, such as a wooden dowel, 
to form a tube. Then the paper can be taped together 
and one of its ends closed by crimping together. The 
completed replacement safety cap should then be in- 
stalled over the delay element at the end of the shell 
leader fuse, as shown below. 
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Damaged black match delay element: When the 
black match delay element is even moderately dam- 


aged, it should be removed by cutting (See fuse cut- 
ting, pyrotechnic). If the length of the shell leader is 
sufficiently long, an additional length of black match 
can be exposed by simply tearing or cutting off a por- 
tion of the match pipe of the quick match shell leader, 
as shown below. 


If the Pek of the shell leader is not sufficiently (Sag 
to extend more than 6 inches (150 mm) out the end of 
the mortar to be used, it is inappropriate to reduce its 
length by tearing off more match pipe. In that case, an 
additional length ofa delay element should be attached 
to the end of the shell leader. This additional length 
of delay element will typically be either a few inches 
of black match (See shell leader too short, below.) or 
visco fuse that is secured into the end of the shell 
leader by tying with ieseins or tape, as shown below. 


Short black match delay element: This repair is the 


same as discussed above for damaged black match 
delay element. 


Shell leader too short: When the shell leader is too 
short to extend approximately 6 inches (150 mm) 
from the end of the mortar, it should be lengthened 
before use. This can be accomplished by splicing-in 
an additional length of quick match. The most relia- 
ble way to do this is to expose approximately an inch 
(25 mm) of black match on the end of the shell leader 
and on the quick match extension, as shown below. 
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The ends of each length of black match are then in- 
serted into each other’s match pipe and secured with 
string (as shown below). This will help to preclude 
the failure of the quick match to propagate as a result 
of its being jerked apart by its sometimes-violent 
movement as it burns. The splice is then wrapped 
with tape (not shown below), to help prevent prema- 
ture oo from sparks and burning debris. 
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An alternative (and more expedient) method of splic- 
ing quick match can be found in the entry quick match. 


The final operation is to form or attach a suitable de- 
lay element. This is described above in the discussion 
about repairing a shell leader with a damaged black 
match delay element. 


In recent years, a new type of quick match (often de- 
scribed as flat match) has been introduced, and the 
outer wrapping of the match pipe often has a covering 
of strong plastic tape. With this type of quick match, 
it can be difficult to remove a portion of the match 
pipe to expose the black match inside to make a splice 
as suggested above. There is another expedient and 
effective way to splice this type of quick match. That 
method is presented and shown in the portion of the 
entry on quick match discussing flat match. 


Torn match pipe: Relatively minor tears in the paper 
covering of the shell leader can simply be repaired 
with a wrap of tape, as shown below. 
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Seriously damaged shell leader: After cutting out the 
damaged portion of the shell leader, one of two 


courses of action can be followed. If the remaining 
two portions of the shell leader are sufficiently long 
(i.e., would still extend approximately 6 inches, 150 
mm, from the end of the mortar after being spliced 
together), then simply splice the two undamaged por- 
tions of quick match together as described above. If 
the remaining portions of the shell leader are not long 
enough, then splice-in an additional length of quick 
match following the above procedure for a shell lead- 
er that is too short. 


Torn suspender: When the aerial shell suspender on a 
spherical shell is torn or missing, a repair is appropri- 
ate. This is especially important for displays per- 
formed when mortars will be reloaded (in the dark 
and while rushed). A simple, reasonably effective re- 
pair can be accomplished by securely attaching the 
shell leader to the top of the aerial shell using strong 
tape with good adhesive, as shown below. Ordinary 
masking tape is not sufficiently strong to achieve a 
reliable repair. 


REPAIRING QUICK MATCH FUSING — See repairing 
aerial shell fusing. 


REPEATABILITY — The ability of a device to produce 
the same output readings, when the same measurement 
value is applied to it consecutively and under the same 
conditions. Repeatability is expressed as the maxi- 
mum difference between individual output readings. 


REPEATER- Sce multiple-tube device. 


REPEATEDLY-IGNITABLE MATCH — See match, re- 
peatedly ignitable. 


REPEATER SHELL — See muiltibreak aerial shell. 


REPEATING FOUNTAIN — See fountain type (multiple- 
tube fountain). 
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REPORT — A term with two meanings: 


As a device: A component of an aerial shell, mine, 
rocket heading, Roman candle or multiple-tube de- 
vice that produces the loud sound of an explosion. A 
report contains salute powder, a powerful pyrotechnic 
composition (usually a flash powder) that explodes 
violently, producing a loud noise, typically with the 
visual effect of a bright flash of light plus smoke. A 
report may contain granular titanium to produce a 
cloud of white sparks upon exploding. A report is 
usually a larger version of a shot or saettine. 


As_a_sound: In display fireworks, a loud explosive 
noise, normally louder than the explosion of a burst- 
ing star shell of similar size. In consumer fireworks, a 
loud explosive noise, especially when produced delib- 
erately as the terminating effect of a firework. 


REPORT, DARK — See salute powder and aerial shell 
name and description (specific). 


REPORT, HEAVY — See heavy report. 


REPRESENTATIVE SAMPLE — A sample of items that 
is intended to accurately represent the larger group 
from which the sample has been selected. Repre- 
sentative samples are used in quality control testing 
of production lots of items. 


REPRODUCTIVE TOXICITY — See Globally Harmo- 
nized System of Classification and Labeling of Chem- 
icals. 


RESEARCH ROCKET -— See high-power rocket, ad- 
vanced. 


RESERVE BATTERY — See battery, electrical (thermal 
battery). 


RESERVE PARACHUTE -— See parachute (auxiliary 
parachute). 


RESIN — A term with two distinct (but historically re- 
lated) meanings. 


Natural resin: A generic term for the viscous materi- 
als secreted by various plants in response to injury. 
Traditionally, such a secretion was called a gum if it 
was soluble in water, and a resin if it was not, but this 
rule was not rigorously applied. Red gum and Gum 
Copal, for example, are resins according to this rule. 
The compositions of natural resins vary greatly ac- 
cording to the species of plant from which they are 
obtained, but they typically consist predominantly of 
mixtures of complex unsaturated hydrocarbons and 
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their derivatives. Some natural resins are used as 
binders and fuels in some pyrotechnic mixtures (e.g., 
red gum and wood rosin). 


In polymer chemistry: Material that bears some resem- 
blance to natural resin. The term can apply to a prepol- 
ymer and the plastic derived from it. For example, an 
epoxy resin can refer to both the components that are to 
be mixed together and the cured epoxy. PBAN (poly- 
butadiene acrylonitrile) and HTPB_ (hydroxyl- 
terminated polybutadiene) are prepolymers used in 
composite propellants and may be described as resins. 


RESIN COPAL — See gum copal. 


RESISTANCE (electrical) — (Symbol: R) — The property 
of an object that indicates the ratio of the voltage (£) 
applied across the object to the electric current (/) 
that flows through the object as a result of that ap- 
plied voltage: 


R=— 
I 

The unit of resistance is the ohm (Q). As expressed in 

Ohm’s law, the amount of current that will flow in an 

electric circuit is inversely proportional to the cir- 

cuit’s resistance: 


[=— 

R 
Thus, a current of one ampere will flow in an electric 
circuit having a resistance of one ohm when a poten- 
tial of one volt is applied to it. 


The resistance of wires and cables is important in the 
design of electrical firing systems. For a given type 
of wire, resistance is inversely proportional to the 
wire’s cross-sectional area (1.e., thin wires have high 
resistance and thick wires have low resistance). The 
flow of electricity through wire is roughly analogous 
to the flow of water through pipes, in that large- 
diameter pipes, have a low resistance to the flow of 
water, and conversely. As with a water pipe, a wire’s 
resistance is proportional to its length. 


RESISTIVE HEATING — (Also ohmic heating.) — The 
heat (q) generated by the flow of electric current (/) 
through a conductor or a circuit element having elec- 
trical resistance (R) for a period of time (f). This is 
numerically equal to: 


q=R-I’-t 
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For an electric match with a resistance of 2 ohms, a 
firing time of 0.01 second at a current of 1 ampere, 
the heat delivered to its bridgewire is: 


q=2x (1) x0.01= 0.02 joule (20 mJ) 


RESOLE — See phenolic resin. 


RESOLUTION — The ability of a measuring instrument 
to distinguish between different values of the quantity 
being measured. 


For a digital instrument: Resolution is usually limited 
by the number of bits used to quantify the input signal. 
For example, an instrument using a 12-bit analog-to- 
digital (i.e., A/D) converter can resolve | part in 4096, 
which is 2 to the 12" power. If the instrument has a 
digital readout with a sufficient number of digits it will 
have the same resolution as its A/D converter. 


For an analog instrument: Resolu- 
tion is about half the smallest scale 
division of its readout (e.g., a me- 
ter). For example, the resolution of 
the pressure gauge shown at the 
right is about 10 psi. 


RESONATOR — See bomb tank. 
RESPIRABLE DUST — See dust. 


RESPIRATORY SENSITIZER — Sce Globally Harmo- 
nized System of Classification and Labeling of Chem- 
icals. 


RESPONSE TIME (time constant) — Typically, the time 
required by a sensor to reach 63.2% of a step change 
in its input signal under a specified set of conditions. 
Five time constants are required for the sensor to sta- 
bilize at essentially 100% of the step-changed value. 


RESTRICTED PROPELLANT -— (Also restricted burning 
grain) — A solid propellant grain with only a portion 
of its surface exposed for burning; the other surfaces 
are covered by an ignition inhibitor of some type. This 
modification of the grain’s burning surface area can 
be used to control the shape of a rocket’s thrust pro- 
file, producing what may be described as a restricted 
burning rate of the propellant. 


RESULTANT (vector) — The sum of two or more vec- 
tors. For the general case of two vectors (V1 and V2) 
in a plane, the resultant vector (Or) can be determined 
graphically as illustrated below using the parallelo- 
gram method. 
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Alternatively, the magnitude and direction of the re- 
sultant vector can be determined mathematically. 


V, = (VP + V2? + 2 Vi V2 cos @)!? or 


sin8 = V; sing/ V; 


In_fireworks: When computer-modeling aerial shell 
ballistics to determine the drag force acting on a shell, 
it is necessary to calculate the velocity (1.e., speed 
and direction) of the air moving past the shell. This 
requires the vector addition of the shell’s velocity and 
the wind blowing at the time. 


RETROROCKET - See rocket type by function. 


REVERBERATION — The persistence of sound in an 
enclosed space as a result of multiple reflections after 
the source of the sound has ceased. This is essentially 
a series of repeated echoes. In measuring sound levels, 
such as from exploding fireworks (especially in- 
doors), reverberation may seriously affect the results. 


REVERSIBLE REACTION (chemical) — See chemical 
reaction type and chemical equilibrium. 


REVOLVING FIREWORK PIECE — A firework device 
that rotates. The rotation may be about a fixed pivot, 
as in a firework wheel or a saxon, or about some geo- 
metric axis of a moving firework, as in a girandola, a 
tourbillion or a hummer. Consumer-firework ground 
spinners and helicopters are also examples of revolv- 
ing firework pieces. 


REYNOLDS NUMBER -— (Symbol: Re, R, Rn or Nre) — 
A dimensionless number used by fluid-flow engineers 
to characterize the manner in which a fluid (i.e., a gas 
or liquid) will behave when passing over a solid sur- 
face. It is the ratio of the inertial forces to the viscous 
forces acting on a body in relative motion to a fluid. 
It may be used to indicate whether the flow past the 
body is likely to be laminar flow, turbulent flow or 
detached flow. 


The concept of Reynolds numbers was established by 
Osborne Reynolds (1842-1912) in the 19" century 
while studying the flow of water in pipes and chan- 
nels. The concept is useful in aerodynamics and bal- 
listic calculations. Lower Reynolds numbers are as- 
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sociated with laminar flow; high Reynolds numbers 
are associated with turbulent flow The Reynolds 
number (Re) is calculated using: 


pLVv 
u 


Re= 


Here, is the density of the fluid; Z is the characteris- 
tic length (typically, this is associated with the longest 
dimension parallel to the flow of the fluid), V is the 
velocity of fluid relative to the object, and yw is the 
dynamic viscosity of the fluid. 


At high Reynolds numbers (greater than 10°), the 
boundary layer will be turbulent. At Reynolds num- 
bers less than 10°, the boundary layer will be laminar. 
At Reynolds numbers between 10° and 10°, the 
boundary layer may be either laminar or turbulent. 
Smooth surfaces allow the boundary layer to remain 
laminar better than rough surfaces. 


RF — Abbreviation for radio frequency energy. 
RFI — See electromagnetic interference. 

R/G -— Abbreviation for rocket glider. 

RH — Abbreviation for relative humidity. 


RHODAMINE B — [C2sH3iCIN203] — {CAS 81-88-9} — 
(Also tetraethyl-rhodamine, (9-(2-carboxyphenyl)-6- 
(diethylamino)-3-xanthen-ylidene) diethylammonium 
chloride or CI 45170) 


A dye used in colored-smoke compositions. It forms 
shiny dark-green crystals and is violet-black as a 
powder. 


(d) = decomposes; it begins to smoke gradually as the 
temperature rises above the melting point and is partly 
carbonized without vaporizing. 


a) Code for reference source, see preface. 


Health information: TLV: none established; IARC: 3 — 
unclassifiable as to carcinogenicity. 


UN hazard classification: not regulated. 


Pyrotechnic uses: Rhodamine B is used as a dye in 
compositions to produce violet-red colored smoke. 
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Aqueous solutions of rhodamine B are acidic, with a 
1% solution having a pH of 2.5 to 3.0. Nonetheless its 
use in combination with potassium chlorate does not 


create significant problems, presumably as a result of 


the use of sodium hydrogen carbonate in those smoke 
compositions (see smoke generator, pyrotechnic). 


The base form of rhodamine B, which is insoluble in 
water, can be obtained by treating rhodamine B with 
alkalis. It can be used for smoke in place of the hy- 
drochloric acid salt, but the composition burns less 
easily than does a smoke composition made with the 
much more readily available hydrochloric acid salt. 
Moreover, the base form is more costly than the 
common hydrochloric acid salt. 


RICE HULL — (Also rice husk) — The dried outer husk 
surrounding a kernel of rice that is removed in pro- 
cessing the rice. An example of long-grain rice hulls 
is shown farther below. 


In fireworks: Rice hulls are occasionally used as an 
inert filler (such as in a parachute shell) or as a bulk- 
ing agent (such as in flash powder). Their main use in 
fireworks is to make rice-hull powder, where the hulls 
are coated with pyrotechnic composition and are then 
used as a break charge for aerial shells (typically in 
spherical shells). 


RICE-HULL POWDER — Rough Black Powder or other 
pyrotechnic composition coated onto rice hulls (or 
similar, relatively inert material). An example is 
shown below. 
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Rice-hull powder is most commonly used as a highly 
effective break charge for spherical aerial shells. 
Rice-hull powder has a high surface-to-mass ratio 
plus a large amount of void space in and around the 
hulls. These voids (i.e., fire paths) allow for a rapid 
flame spread throughout the break charge. Further, 
rice-hull powder is relatively easily compacted in aer- 
ial shells as they are assembled, and the compacted 
rice-hull powder assists in holding components secure- 
ly in place during final assembly, handling and firing. 


The type of powder used to coat the rice hulls de- 
pends on the size and type of shells in which it will 
be used. Five formulations are presented below 
(Shimizu, 1981). Rice-hull powder coated with the 
fastest burning powder, such as H3 powder, based on 
potassium chlorate as the oxidizer (formulations 1 
and 2) will typically be used in relatively small shells 
and hard-breaking shells. Rice-hull powder coated 
with a similar formulation but made with potassium 
perchlorate as the oxidizer (formulations 3 and 4) 
will typically be used in somewhat larger shells. 
Rice-hull powder made with rough (1.e., handmade) 
Black Powder (formulation 5) is likely to be pre- 
ferred for still larger aerial shells. 


Formulation Parts by Weight 
Ingredient | (5) 


Potassium chlorate 


Potassium nitrate 


a) Hemp or Paulownia charcoal. 
b) Soluble glutinous rice starch. 
c) Asmall amount of binder as needed. 


When rice-hull powder is manufactured, the first step 
is to soak the dry rice hulls for several hours in water 
until they are well saturated. The rice hulls are then 
drained on a sieve to remove excess surface water be- 
fore mixing with the dry composition. The ratio of 
pyrotechnic composition to dry rice hulls is typically in 
the range of 3:1 to 5:1 by mass. Finally, the coated rice 
hulls are dried thoroughly before being used in shells. 


RICE HUSK — See sice hull. 


RICE STARCH — [processed biological product] — (Also 


soluble glutinous rice starch, pregelatinized rice starch, 
Remyline XS-FG-P or Mizinko™) — (Abbreviated 
SGRS) 
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Rice starch, obtained from rice, is an important binder 
in Japanese fireworks. There are two types of rice 
starch: parched starch and quick starch. At present, 
the material on the market is quick starch. For fire- 
work use, parched starch is preferable to quick starch. 
Quick starch is white as powder, parched starch may 
be brownish-white. 


Health information: TLV-TWA: 10 mg/m’. 
UN hazard classification: not regulated. 


Source: The rice used is the sticky, or glutinous, va- 
riety that is popular foodstuff in Japan and elsewhere 
in Asia. It is the processed endosperm of the seeds of 
the glutinous rice plant Oryza glutinosa, which is 
sometimes considered to be a cultivated variety of 
Oryza sativa, rather than a distinct species. It is then 


described as Oryza sativa var. glutinosa. 


Parched starch is made as follows: Glutinous rice is 
milled to remove all parts of the seed except the 
starchy endosperm, and then it is soaked in cold water 
for a week. Next, it is steamed in a steam basket and 
pounded into a cohesive mass. The mass is stretched 
into a thin plate like a squashed cake, which is 
parched at a suitable temperature. The parched cake 
is ground into a fine powder. The powder is some- 
what brownish but has a great cohesion power and is 
perfectly gelatinized with water. This is the most use- 
ful binding agent for firework stars. 


Quick starch is made as follows. Glutinous rice is 
polished, dried and ground to a fine powder. To keep 
a good appearance, it is not heated as much as the 
parched starch; it is less cohesive than parched starch. 


Chemical_properties: Glutinous rice starch contains 
approximately 80% carbohydrate, 7% albumin and 
14% moisture. 


When a small amount of water is added to the gluti- 
nous rice starch and kneaded, it becomes quite cohe- 
sive. When a large amount of water is added to the 
starch, and it is boiled for long time, the cohesive 
power of the starch decreases. 


The cohesive power of glutinous rice starch is very 
great compared with other binders like dextrin. The 
cohesive nature of glutinous rice starch is important 
in the manufacture of round stars using the Japanese 
method, because the wet composition must be applied 
onto the cores using as little binder as possible (see 
star manufacturing (rolled star)). A binder that has a 
strong cohesive power satisfies the requirement well. 
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The following table (Shimizu, 1981) presents infor- 
mation on the effect that additives have on the viscos- 
ity of rice starch paste over time. 


After 15 | After 24 
Chemical hours hours 


Notes: s = The mixture does not change in viscosity 


and somewhat flows. 


ss_ = The viscosity increases, and the mixture 
hardly flows. 


sss = The viscosity increases greatly. 


w_ = The viscosity somewhat decreases, and 
the mixture flows fairly. 


ww_ = Soft and flows well. 
www_ = Quite soft and can be ruffled by shaking. 
wwww_ = Quite low viscosity which is hardly felt. 
o = Quite low viscosity like water. 


RICH — Containing a relatively high percentage of an 
ingredient, for example, see fuel-rich and oxidizer-rich. 


RICOCHET — The glancing rebound of a projectile after 
its impact. 


RICOCHET HIT — See bullet hit. 


RIFLE BULLET IMPACT TEST — See projectile impact 
test. 


RIFTED — Describes particles that have many surface 
cracks, cleavages or crevasses. Thus, rifted particles 
have greater surface areas than their mesh number 
would suggest, which results in their having greater 
pyrotechnic reactivity than might be expected. 
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RIM-FIRE PRIMER -— See primer, small-arms. 


RINFASCIATURE — (Also dry pasting, pasteless method, 
double-case method or double-strung method) — A 
method of finishing a cylindrical aerial shell that does 
not use wet, pasted paper. The spiked aerial shell is 
wrapped in dry paper that is wide enough to be folded 
over on the ends of the shell and held in place by a 
second spiking. When used for inserts (such as the 
saettine, shown below), the initial shell spiking may 
not be needed. 


RING AND BOW-TIE SHELL — An aerial shell producing 
both a ring and a bow-tie effect. An example is 
shown below. 


Photo Credit: Dan Chubka 


One way to produce this effect, rather simply and with 
relatively few stars, is as a spherical pattern shell. 
Such a shell is shown below during assembly. 


it hi 


Hh 


Photo Credit: Dan Chubka 


In this case, the series of stars (A) attached to the cir- 
cular cutout of chipboard are the red stars that will 
form the ring. The clusters of stars (B) centered in the 
bottom of the two hemispheres are long-duration glit- 
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ter comet stars that together will form the bow tie, 
with their glittering trail filling in the pattern. 


RING AND PLANET SHELL — See Saturn shell. 
RING CAP — See foy cap. 
RING CAP GUN — See magic device. 


RING SHELL — See aerial shell name and description 
(specific). 


RIP RAP — A name formerly used in the north of Eng- 
land for an English cracker. 


RISE TIME (electronics) — The time required for the 
leading edge of a pulse or signal to rise some propor- 
tion of its final value. Often, this rise is from one- 
tenth to nine-tenths of the peak or final value. It is also 
frequently given in units per time, such as volts per 
second. 


RISE TIME (fireworks) — See aerial shell pre-fire time. 


RISING EFFECT and RISING TAIL (aerial shell) — See 
aerial shell enhancement technique. 


RISING TAIL (comet) — See comet type. 


RISK — The possibility of an undesirable outcome. De- 
termining risk requires a calculation that systemati- 
cally assigns a value to the severity of a hazard and 
then convolves that value with the probability of oc- 
currence of that hazard. 


In a real case of assessing risk, the assignment of a 
value to a hazard is usually subjective and is made as 
some type of comparison. Some comparisons are easy; 
for example, the loss of two lives is twice as bad as the 
loss of one life. Often one must also decide how many 
serious injuries should be equated with the loss of 
one life. Another complication is that almost never is 
the probability of occurrence of any hazard accurately 
known. As a result, reasonable estimates of both haz- 
ard severity and probability must be made. While this 
means that quantitatively precise risk assessments 
can almost never be made, they do serve greatly to 
aid in evaluating and comparing risks in general. 


The total risk resulting from a collection of individual 
risks that arise from a specific activity is the sum of 
the individual risks associated with that activity. 


RISK ASSESSMENT or RISK ANALYSIS — The logical 
and systematic determination ofa collection of various 
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individual risks associated with an activity, process, 
condition or system. This is performed to identify 
those specific hazards with the greatest potential for 
harm and that most greatly need to be addressed. 


RMS - Abbreviation for root mean squared. 


RMS™ — Abbreviation for brand of reloadable rocket 
motor system. See rocket motor, reloadable. 


Ry — Symbol for Reynolds number. 
ROAD FLARE - See fusee (signal). 


ROBBINS-MUNRO TEST — A test method similar to 
the Bruceton method (see sensitiveness test protocol) 
but differing in that the test points are concentrated 
about the mean. 


ROBERT’S LAW — See Vieille equation. 
ROBOTIC EFFECT — See short circuit effect. 


ROCKET — A device propelled by the reactive force 
produced by expulsion of a working fluid, usually a 
gas (see thrust, rocket). A rocket can often be classi- 
fied by its use. (See firework rocket type, basic; high- 
power rocket and model rocket.) Firework aerial shells 
are often erroneously described as rockets; in fact, an 
aerial shell is a simple ballistic projectile. 


ROCKET ALTITUDE SIMULATION PROGRAM — 
(Abbreviated RASP) — A BASIC computer program 
included as an appendix in later editions of the 
Handbook of Model Rocketry. \t performs a simula- 
tion of rocket flight using small time interval approx- 
imations. 


Historical: The original computer program, developed 
in 1979, was relatively primitive. It assumed a con- 
stant value for drag coefficient (Ca), vertical flight and 
other simplifications. It was converted from BASIC 
to C in 1989, and additional features were added be- 
tween 1990 and 1994. The rewrites have broadened 
its appeal and increased its sophistication. In 1995 a 
Windows™ -based version (WRASP) was produced. 
This was a 16-bit version that recently has been pro- 
duced as a 32-bit version. 


Now there are many new rocket design and simula- 
tion programs available. One commercial program is 
Rocksim 9, and one free program is RASAero. Both 
programs incorporate more advanced mathematics 
and features than the RASP programs. 
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ROCKET, AMATEUR — See amateur rocket. In the past, 
the term amateur rocket was sometimes used to refer 
to experimental or research rockets, which are cur- 
rently in the category of Class 3 amateur rockets. 
(See high power rocket, advanced.) 


ROCKET, ANTI-HAIL — A _ small, solid-propellant 
rocket fired into clouds to prevent the formation of 
hail. Although their effectiveness is controversial, anti- 
hail rockets are used in many parts of the world with 
the intention of preventing hail damage to crops. 


Hail is formed when super-cooled water droplets are 
swept up by the main updraft in a thundercloud into the 
cold, upper regions of the cloud, where a relatively 
small number of the water droplets freeze. The freezing 
process is initiated by contact with a foreign particle 
that acts as a nucleus for crystallization. The resulting 
ice particles fall through the cloud, growing larger as 
more water condenses on them. The ice particles may 
then be caught up in the updraft again and the process 
repeated until the lumps of ice are too large to be car- 
ried by updrafts. The lumps of ice then fall as hail. 


The rationale for the use of anti-hail rockets is to 
cause the early freezing of a large fraction of super- 
cooled water droplets so that the growth of any one 
particle is limited by the availability of unfrozen wa- 
ter (discussed further, below). The resulting hail par- 
ticles are then sufficiently small to do little or no 
damage, or they may even small enough to melt be- 
fore reaching the ground. It was once thought that 
shock waves from explosions would have this effect. 
It was proposed that the mechanism for this was that 
the particles formed by the explosion would act as 
nuclei for the condensation and freezing of the super- 
cooled water droplets. 


Historical: The use of Black Powder rockets and can- 
non to suppress hail was introduced in fruit-growing 
regions of Italy and France around the beginning of the 
20" century. Small, special-purpose rockets containing 
explosive charges were in use for hail suppression in 
Italy beginning in 1937. After World War II, the Ital- 
ians used specially made anti-hail rockets that each 
carried 800 grams of a potassium chlorate-based high 
explosive (i.e., Cheddite explosive) into the clouds 
where it was detonated. The resulting aerosol of mi- 
nute potassium chloride particles was supposed to 
provide abundant nucleation for the coalescence and 
subsequent freezing of water droplets. Two types of 
rocket were available, one reaching an altitude of 
3000 feet (~ 900 m), the other 5000 feet (~ 1500 m). 
Over 100,000 of these rockets were used in Northern 
Italy in 1955; they were also exported. Trials of anti- 
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hail rockets were conducted in several countries in- 
cluding France, Switzerland, Kenya and South Africa. 
Despite the popularity of anti-hail rockets in France 
and Italy, their effectiveness was disputed. Some farm- 
ers claimed that the rockets caused the hail to be ei- 
ther too sparse or too small to do any harm, while 
others doubted if they made any difference. 


In 1947 American physical chemist Bernard Vonne- 
gut (1914-1997) discovered that silver iodide was a 
particularly effective nucleating agent for promoting 
the freezing of super-cooled water droplets. The crys- 
tal structure of silver iodide is very close to that of 
water. Following Vonnegut’s discovery, silver iodide 
was widely tested for hail suppression. It was investi- 
gated with particular enthusiasm in the former Soviet 
Union, where it was used both in modified military 
artillery shells and in specially designed rockets. 
Considerable success was claimed, but independent 
tests in Switzerland extending over many decades 
failed to confirm the Russian results. 


Despite the controversy over their effectiveness, and 
the obvious hazards associated with their use, anti- 
hail rockets are still available commercially, being 
manufactured in France, Russia, China and else- 
where. The most commonly used nucleating agent is 
silver iodide, which can be dispersed from the rocket 
in several ways. It can be dispersed by an explosion, 
as smoke from a pyrotechnic smoke generator sus- 
pended from a parachute, or it can be incorporated in 
the later-burning part of the solid rocket fuel so that it 
forms part of the rocket exhaust plume. The rockets 
are usually single-stage, but double-stage versions are 
available. Altitudes up to 5 miles (8 km) may be at- 
tained by some of these rockets. 


In appearance, anti-hail rockets resemble model 
rockets familiar to hobbyists, as shown below. 


Photo Credit: Alexey Shilin 


If the rocket carries an explosive payload, it may be 
packed separately from the rocket body and fitted in- 
to the rocket just before launch. The rockets are fired 
electrically from light, portable racks. Modern anti- 
hail rockets are constructed of paper, plastic or fiber- 
glass to minimize the damage that might be caused 
by the impact of the burned-out rocket. 


ROCKET BARREL — See rocket combustion chamber. 
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ROCKET, BOOSTER — See rocket type by function. 


ROCKET BOOST PHASE - See rocket flight-phase, 
amateur. 


ROCKET CASING — See rocket motor casing. 
ROCKET CLASS — See amateur rocket. 


ROCKET COMBUSTION CHAMBER -— (Also thrust 
chamber or rocket barrel) — That part of a rocket mo- 
tor or engine in which combustion of the propellant 
takes place. Thus, the combustion chamber is a pres- 
sure vessel that vents through the rocket’s nozzle. 


ROCKET, CONE - A rocket the flight of which is sta- 
bilized by the conical shape of its airframe and the 
location of the motor. A cone should have inherent 
aerodynamic stability, due to its shape, but most cone- 
shaped model rockets are still potentially unstable, 
unless the cone angle is very small, or the center of 
gravity is well ahead of the center of pressure. The 
reason for this may be the flow separation that occurs 
at the base of the cone of the model rocket in flight. 


ROCKET, CONTROL — See rocket type by function. 


ROCKET, DUAL-THRUST — A rocket with its thrust 
derived from a dual-thrust rocket_motor (DTRM). 
The dual-thrust technique (also described as the boost- 
sustain technique) is used to provide the equivalent of 
a two-stage propulsion system without the disad- 
vantage of the complexity of having to provide for 
jettisoning the booster unit, and with the advantages 
of lower weight and shorter overall length. 


The boost portion of the thrust accelerates the rocket to 
a relatively high velocity to quickly provide a finned 
rocket with flight stability and the sustain portion of 
the thrust maintains (and often increases somewhat) 
the velocity of the rocket. 


In general terms, the advantage of a dual-thrust rocket 
is that it achieves greater average speed and has a 
greater range. If all the thrust were produced at the 
high level, initially the rocket would accelerate to a 
somewhat higher speed. As air resistance (1.e., drag) 
increases as the square of velocity through the air, the 
rocket would also slow more rapidly after burnout. The 
result is a higher peak velocity but a lower average 
velocity. On the contrary, for a dual-thrust rocket, the 
boost phase accelerates the rocket to a reasonably high 
speed, but not so high as to produce excessive air re- 
sistance. Then the sustainer stage allows the rocket to 
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maintain a moderately high speed until burnout, after 
which it will coast as it more slowly loses speed. 


ROCKET ENGINE — A reaction engine that expels mat- 
ter from a chamber primarily in a single direction. It 
is most efficient when that matter is in the form of a 
high temperature, low molecular weight gas and the 
chamber is at relatively high pressure. The shape and 
size of the nozzle, through which the matter exits, has 
amajor effect on its operating pressure and efficiency. 
In typical usage of the term rocket engine, the oxidizer 
and fuel are liquids. This includes cryogenic propel- 
lants such as liquid oxygen and liquid hydrogen, as 
well as monopropellants (see propellant type). 


A rocket in which a solid fuel element is used with a 
liquid oxidizer is described as a hybrid rocket motor. 
Rockets in which only solid propellants are used are 
described as rocket motors (rather than rocket engines). 


bipropellant rocket engine — (Also bifuel rocket 
engine) — A rocket engine in which two separate pro- 
pellants are used. Such propellants may be, for ex- 
ample, liquid hydrogen and liquid oxygen. The two 
propellants are kept separate until injected into the 
rocket combustion chamber, where they undergo a 
strong exothermic reaction. The vast majority of 
rocket engines are bipropellant engines. 


monopropellant rocket engine — A rocket engine 
on which a single chemical liquid propellant is used. 
The propellant can be, for example, hydrazine [N2H,], 
hydrogen peroxide [H2O2] or nitrous oxide [N20]. All 
three monopropellants undergo exothermic decompo- 
sition when passed over and through catalyst beds 
made of appropriate materials for the propellant be- 
ing used. The heated gases then pass through a nozzle 
to produce thrust. 


Vernier rocket engine — (Also Vernier rocket) — A 
rocket engine producing low levels of thrust. It is 
used primarily to produce fine adjustments in the ve- 
locity and trajectory of a rocket propelled vehicle just 
after the thrust cutoff of the last sustainer engine, and 
it may be used secondarily to add thrust to a booster 
or sustainer engine. 


ROCKET EXHAUST — Most terms relating to rocket 
motor exhaust can be found as terms beginning with 
the word exhaust. 


ROCKET EXHAUST PLUME — See exhaust plume, 
rocket. 


ROCKET EXHAUST SMOKE — See exhaust smoke, 
rocket. 
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ROCKET, EXPERIMENTAL — See high-power rocket, 


advanced. 


ROCKET FESTIVAL, THAILAND AND LAOS - (Also 


Bun Bang Fai) — A traditional cultural practice of 
ethnic Lao people living in Laos and north eastern 
Thailand, involving the firing of large, handmade 
Black Powder rockets. The origins of the custom are 
obscure but are said to be related to pre-Buddhist re- 
ligions in which rainfall was believed to be provided 
by certain gods. The firing of rockets into the heavenly 
realm was hoped to prompt those gods to send rain, 
essential to the growth of crops. More recently the 
custom has evolved into an exhibition of the skill of 
the rocket-builders; this is superimposed on the tradi- 
tional religious aspects, which over the centuries 
have been absorbed into Buddhism. 


Annual festivals, in which competitive firings of 
enormous rockets are the main event, are held in sev- 
eral places, notably Yasothon in Thailand. The name 
of the rockets in the local language is Bang Fai, the 
first word meaning cut bamboo and the second mean- 
ing fire. The word ‘Bun”, commonly prefixed to the 
name, simply means ‘meritorious’. Originally, the 
rocket casings were simply made from hollowed-out 
bamboo, usually pre-treated with boiling water, which 
accounts for the name. Today, the bamboo rocket 
casings are usually reinforced by commercial PVC 
pipe. The casings are charged solid with hand-made 
Black Powder. Manufacture of the propellant is con- 
sidered an essential component of the rocket-builder’s 
craft. Each rocket is fitted with a wooden nozzle, and 
a core is made into the compressed Black Powder by 
boring it out with an auger. The larger rockets may con- 
tain some 120 kg (260 pounds) of Black Powder and 
have a burn time of several minutes. Each rocket motor 
is attached to a very long stabilizing stick made of 
bamboo. 


To launch a rocket, it is first hauled onto a huge sloping 
framework and tied in place with vines wrapped 
around the stick, near the nozzle. Traditionally, igni- 
tion was by means of a fuse but now, electric matches 
are common. Once ignited, the rocket remains on the 
framework emitting an ear-splitting roar until the 
vine holding it to the frame burns through and the 
rocket shoots skywards, leaving a thick trail of grey 
smoke. The rocket’s performance is judged by the 
straightness of flight, the size of the smoke trail and 
the height attained, which may be several kilometers. 


A rocket-propelled device of the type known in the 
west as girandola has been introduced into some of 
these festivals. The Thai or Lao version consists of a 
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gigantic bamboo wheel, several meters in diameter, 
carrying appropriately-placed handmade rockets. It 
performs in the same way as regular girandola, be- 
ginning by spinning furiously in a horizontal plane 
and then rising several hundred meters into the sky, 
leaving a spiraled trail of smoke. 


ROCKET, FIREWORK - See firework rocket type, basic. 
Terms relating to firework rockets can be found as 
terms beginning with the words: firework rocket. 


ROCKET FLIGHT (fireworks) — A large number of 
small-caliber rockets fired near simultaneously as 
part of a firework display. 


ROCKET FLIGHT PHASE, AMATEUR — (Also hobby- 
rocket phase, model-rocket phase or high-power rocket 
phase) — Typically there are three distinct phases to 
the flight of an amateur rocket, as illustrated below. 


Coasting 
Phase 


f 
: 


Recovery Phase 


Boost Phase 


boost phase — The powered portion of a rocket’s 
flight. In the case of staged rockets, the boost phase 
may consist of more than one period of powered 
flight, which may or may not have a coasting phase 
separating them. 


coasting phase — (Also delay phase) — That portion 
of an amateur rocket’s flight between burnout of the 
boost phase and activation of the recovery device. 
During the coasting phase, the rocket’s momentum 
acts to further increase the altitude of the rocket. It is 
not unusual for a rocket to gain more altitude during 
the coasting phase than the boost phase. Many mod- 
el-rocket motors contain a delay element that produc- 
es tracking smoke as it slowly burns during the coast- 
ing phase. This smoke is an aid in tracking the rocket 
during this portion of its flight. The coasting phase 
also allows the rocket to slow to the point where it 
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will not be damaged by the deployment of its recov- 
ery device (often a parachute). 


recovery phase — Because of the time and expense 
involved in assembling an amateur rocket, it would be 
extremely unusual for a rocket not to be intended to 
be reused after its flight. For this reason (and because 
it is required for safety and by regulation), it is essen- 
tial to provide a means for its recovery without dam- 
age. Commonly a parachute is used as the recovery 
device to safely slow the decent of the spent rocket. 


On small model rockets, one or more long streamers 
may be used instead of a parachute. The streamer(s) are 
deployed by an ejection charge that is ignited by the 
delay composition near the apogee of the rocket’s 
flight. 


On larger rockets, the ejection of the recovery device 
may be triggered by an electronic timer or altimeter. 


ROCKET FLIGHT STABILIZATION METHOD — Any 


means used to ensure that the trajectory followed by a 
rocket will be uniform and predictable. Rocket flight 
stabilization is necessary because it is not possible to 
build a rocket with such a high degree of precision 
that all forces acting on it during flight will be per- 
fectly balanced to produce an absolutely straight and 
predictable flight trajectory. In the absence of ade- 
quate stabilization, the trajectory of a rocket in flight 
will be erratic at best and potentially catastrophic. 


The flight of a rocket can be regulated or stabilized 
(and in some cases controlled) using one of three 
basic methods. Two of these are the result of the gen- 
eration of a restoring force, either an aerodynamic 
force (i.e., lift or drag) or a component of thrust. The 
third method is the net result of axial spinning of the 
rocket, which acts to cancel any deflecting forces. 
These three methods of stabilization can be used as 
one way of broadly classifying rockets. 


aerodynamic stabilization — One of the earliest 
and most common methods of rocket stabilization. In 
this case, the rocket is configured in such a way that 
the center of pressure trails its center of gravity suffi- 
ciently far that the rocket will fly in a straight line. This 
is because, if the rocket begins to veer off course, the 
resulting drag, acting at the center of pressure of the 
rocket, causes a rotation about the center of gravity, 
which will return the rocket to its initial flight path. 
Thus, the fins act somewhat similarly to the tail used 
to stabilize the flight of a standard kite. 


As arule of thumb, if the separation between the center 
of pressure and center of gravity is at least one body 
tube diameter (1.e., caliber), as illustrated below, there 


Encyclopedic Dictionary of Pyrotechnics 


will be sufficient flight stability. Since the aerodynamic Insome cases, stabilization is accomplished by means 


forces (i.e., drag and lift) only develop after the rocket of a stick or sticks protruding rearward from the 
has achieved a substantial velocity, some additional rocket, or by a streamer attached to the rear of the 
method is needed to provide stability during the rocket to provide the necessary stabilization. In these 
rocket’s earliest moments of flight (discussed below). cases, the resulting drag forces also act through the 


center of pressure and can be considered a form of 
aerodynamic stabilization. 


< Caliber In fireworks: Flight stability 
is commonly achieved by 
attaching a long, thin, light 


Center of 


At Least Gravit weight stick to the body of 
One Body i es the rocket, as shown at the 
Diameter eGenteror right (on the left). The stick 


(Caliber) 


Prosstira needs to be long enough to 
move the center of pressure 
rearward of the center of 
gravity. Initial flight guid- { : 
ance is provided by inserting the stick into a ibe (or 
Simple methods for determining whether a model or bottle) of some sort, as shown at the right above. 
firework rocket will be stable in flight are discussed 
in the entry model rocket flight stability and are not 
be repeated here. 


As an alternative, some firework rockets are fitted 
with fins instead of a stick. These rockets (frequently 
described as missiles in the firework trade) derive 
In model rocketry: Almost universally fins are used to their flight stability in the same way as a typical model 


move the center of pressure toward the rear of the rocket. They are essentially never intended to be 
rocket, and initial flight stability is achieved using a launched with a guide rod to provide for their initial 
guide rod and one or more launch lugs attached to the flight stability. For this reason, firework missiles have 
side of the rocket’s body tube. This is shown below a reputation for having a somewhat unpredictable 
(guide rod, yellow arrows — launch lug, red arrow — flight path. 


safety cap and ribbon to be removed immediately be- 


fore launch — white arrow). spin stabilization — A method of rocket flight sta- 


bilization in which the rocket is caused to spin (.e., 
rotate rapidly) in such a way that minor deviations in 
its thrust and flight properties are nulled and relatively 
straight flight is achieved. The spin can either be 
about the rocket’s longitudinal or transverse axis (see 
illustration below). 


<—— Longitudinal 
Axis 


Transverse 
Axis ———~> 


Some advanced model rockets have movable fins at When long-range flight and a greater degree of stabil- 
the front and/or rear of the rocket, which are con- ity are desired, the longitudinal axis is preferred. This 
trolled by electronic means, but such rockets are very is because much less energy is required to produce a 
complex and expensive. high rate of spin, and the device will be subjected to 


much less aerodynamic drag as it moves through the 
air. On the other hand, because of the much greater 
moment of inertia typically resulting from rotation 
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about an item’s transverse axis, some degree of addi- 
tional stability will be achieved as a result of gyro- 
scopic effects. Some firework devices (e.g., tourbil- 
lions) are stabilized by transverse-axis. 


In_model rocketry: Only rarely is spin stabilization 
employed as the primary method of stabilizing the 
flight of an amateur rocket. Some rockets undergo a 
low rate of rotation about the longitudinal axis usually 
as a result of minor construction problems with the 
orientation of one or more of the rocket’s fins. None- 
theless, there are times when spin is intentionally pro- 
duced to improve the stability of a model rocket. In 
some scale models, the fins may need modification to 
achieve a satisfactory degree of stability. An example 
of this would be the slight offsetting (i.e., angling) of 
the fins on a scale Saturn 1B rocket. 


In fireworks: Spin stabilization is used to achieve rea- 
sonably well-controlled flight in several firework de- 
vices. Colorful Birds are examples of firework items 
that are spin stabilized solely by their rapid rotation 
about their longitudinal axis. Other firework devices, 
such as tourbillions and girandolas, are spin stabi- 
lized by rotation about their transverse axis. 


Initial flight guidance is provided to some small, 
spin-stabilized firework rockets by a short, thin, ver- 
tical rod that fits loosely into the clay exhaust nozzle of 
the device. With designs of this type, it is important 
that the device begin spinning on the rod before it 
lifts off. Tourbillions (and helicopters) are provided 
with a stick (or minimally effective wings) mounted 
across their casings to keep them in the proper orien- 
tation while spinning on the ground before lifting off. 
A somewhat similar method is used to stabilize some 
larger spin-stabilized firework devices, such as a gi- 
randola, which first spins as a horizontal wheel be- 
fore lifting off its support. 


thrust stabilization — In straight, vertical flight, 
thrust stabilization is used to keep the base of a rock- 
et aligned directly under the rocket’s center of gravi- 
ty. In that case, no torque (i.e., moment) is produced 
and the rocket will proceed straight upward. On the 
other hand, by intentionally angling the thrust of the 
rocket to induce some degree of rotation, the rocket 
can be steered to follow a non-vertical trajectory. In 
either case, this method of flight stability requires 
complex devices to accurately sense the rocket’s mo- 
tion and to control its overall thrust. Because of this, 
thrust stabilization is rarely used on amateur rockets 
and is never used on firework rockets. 


There are two general methods to control a rocket’s 
net thrust. The thrust of the rocket can be vectored 
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through the controlled use of a gimbaled nozzle. As 
an alternative, the main rocket engine may remain 
fixed and small auxiliary rocket engines (i.e., control 
or Vernier rockets) may be used to make small ad- 
justments in the orientation of the rocket. 


ROCKET, GAS-HYBRID — See rocket motor, gas-hybrid. 


ROCKET GLIDER — (Abbreviated R/G) — A glider that 


is boosted to altitude by a rocket. After the powered 
portion of the flight, the entire model glides back to 
earth; no part of the model separates, as is the case 
for the rocket glider described as a boost glider. 


ROCKET, GRAPNEL — A type of line-throwing rocket 


in which the rocket body is fitted with projecting barbs 
to facilitate it becoming fixed firmly to the ground, a 
building or a cliff-face, thus proving an anchor for 
the attached line. Such rockets have been used to as- 
sist troops to ascend cliffs and in the removal of 
barbed wire entanglements on battlefields. An exam- 
ple of a British grapnel rocket from the mid-20" cen- 
tury is shown below: 


AS 
tT 
INSTRUCTIONS 


SCHERMULY “INTERNATIONAL” Pistol Rocket Apparatus 


ROCKET HEADING, FIREWORK -— See firework rocket 


heading. 


ROCKET, HIGH-POWER -— Most terms relating to 


high-power rockets can be found as terms beginning 
with the words high-power rocket. 


ROCKET IGNITER — See electric igniter (rocketry). 


ROCKET LAUNCH SITE — An area used for amateur 


rocket activities that includes a prepping area, 
launching area, recovery area, spectator area and 


Encyclopedic Dictionary of Pyrotechnics 


spectator parking area. An individual or small group 
of individuals launching model rockets may not have 
all the above areas formally designated. 


ROCKET LAUNCH STABILITY — See /auncher and re- 
lated terms. 


ROCKET, LINE-THROWING — (Also line-thrower, life- 
saving rocket) — A type of rocket used to carry a thin 
cable or line between two points (e.g., ship-to-ship or 
ship-to-shore). The cable or line can then be used to 
pull successively heavier cables or lines between the 
two points, until their strength is sufficient to the need. 


Historical: In 1802 French pyrotechnist Claude- 
Fortuné Ruggieri (1777-1841) gave details of a ‘res- 
cue rocket’ that he claimed had been invented by his 
father Petronio-Saveur-Balthasar Ruggieri (1701-— 
1794). This was essentially a large Black Powder 
rocket, 55 mm (2.1 in.) internal diameter, fitted with 
a shorter than usual stick. A line, 9 mm (3/8 in.) in 
diameter and 600 meters (2000 ft.) long, was fixed to 
the end of the stick. During the 19" century, there 
were many implementations of line-throwing rockets, 
mostly for maritime rescue work. 


In the late 19 century, English seaman Augustus 
William Louis Schermuly (1857-1929) took an inter- 
est in the problem of establishing communication be- 
tween wrecked ships and the shore. Schermuly de- 
veloped and patented (British Patent 584, 1899) a 
line-throwing rocket apparatus small enough to be 
easily carried aboard ship. Later, in the early 1920s, 
Schermuly and his son Conrad David Schermuly 
(1894-1962) patented a more convenient line- 
throwing rocket apparatus in which the rocket was 
launched from a modified signal pistol. The ‘Scher- 
muly Pistol Rocket Apparatus’ is illustrated below. 


Illustration credit: British Patent 179,997 (1922) 


In 1956 British inventors Edward Hanley Wheel- 
wright, Donald John Bonness and Walter Whitehorn 
applied for a patent for a self-contained line-throwing 
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apparatus in which the line, the rocket and means for 
firing it were incorporated in a small, easily portable 
unit (US Patent 2,876,702). This invention may be 
considered the forerunner of all the several similar 
line-throwing rocket devices used today, an example 
of which is shown below. 


Photo credit: Nammo Sweden AB (Hansson PyroTech) 


Illustration credit: Nammo Sweden AB (Hansson PyroTech) 


ROCKET, MODEL — See model rocket. 


ROCKET MOTOR — A reaction device that provides 


propulsive force by the discharge of gas generated by 
combustion, decomposition or a change of physical 
state. Although the definition of rocket motor en- 
compasses that of rocket engine, the current conven- 
tion is to use the term motor when referring to devices 
in which solid and hybrid propellants are used. The 
term engine is used when referring to rockets fueled 
by liquid propellants, especially when things such as 
pumps are used to pressurize and control the flow of 
the propellant components. Rocket motors as so de- 
fined are characterized by their simplicity, having no 
moving parts and an integral combustion chamber. 
Rocket motors may also be classified by, for exam- 
ple, propellant type and application. 
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ROCKET MOTOR, AIR-START — Any rocket motor 
that is ignited after the first motion of the vehicle. 
Upper stage ignition of a multistage rocket is an ex- 
ample of an air-start. The term usually refers to out- 
board boosters ignited after a central motor has lifted 
the vehicle, or vice versa. This ignition can be ac- 
complished by an igniter controlled by a motion 
switch, a timer, a radio receiver or simply a piece of 
fuse ignited by the exhaust of the pad-start motor. 
Care should be taken to ensure that this operation on- 
ly occurs when the rocket is oriented in a safe direc- 
tion and performing in a safe manner. 


ROCKET MOTOR, BLACK POWDER -— Any rocket 
motor in which the propellant is either compressed 
Black Powder, or a compressed mixture consisting 
primarily of the ingredients of Black powder. Nearly 
all rocket motors used in small model rockets and 
firework rockets are of this type. They are often de- 
scribed simply as Black Powder rockets. 


ROCKET MOTOR, BOOSTER — A rocket motor that 
has no delay charge or ejection charge, which makes 
it suitable for use in the lower stage(s) of a multistage 
amateur rocket. On a multistage rocket, the booster 
sections typically drop off in mid-flight. On a single- 
stage rocket with a payload, the term may be used for 
the lower (i.e., powered portion) of the rocket, to dis- 
tinguish it from an upper payload section. 


ROCKET MOTOR, BOOSTER STAGE -— The first stage 
or stages in a multistage rocket. 


ROCKET MOTOR CASING — The pressure vessel of a 
rocket motor. Rocket thrust is produced as a conse- 
quence of high-pressure gas exiting the vessel through 
anozzle. All solid-fuel rockets (firework, model, high- 
power, military and commercial rockets) must have 
such a pressure vessel. Firework and model rocket 
motors usually have casings made of strong paper 
tubes. (See firework rocket motor casing.) The casings 
for high-power rocket motors are usually made of 
strong phenolic or epoxy/fiberglass tubes. Strong 
aluminum alloy tubes are commonly used for the cas- 
ings of reloadable model, high-power and commercial 
rocket motors. 


ROCKET MOTOR CHAMBER PRESSURE -— (Symbol: 
P.) — The operating pressure within the casing of a 
solid rocket motor. Under conditions of choked flow, 
the chamber pressure (P-) can be calculated using the 
equation: 


Pe=Knppr CF 
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Here, K,, is the propellant area ratio (i.e., the dimen- 
sionless ratio of the burning area of the propellant to 
the minimum cross-sectional area of the nozzle); p, is 
the density of the propellant (units: mass/volume); C* 
is the critical velocity of the exhaust gases (units: 
length/second) and + is the propellant burn rate (units: 
length/second) as expressed by the Vieille equation: 


n 
r=a-p 


Here, p is the pressure under which the burning is oc- 
curring (in this case, that is chamber pressure, P.); a is 
the burn-rate coefficient for the propellant; and 7 is the 
burn-rate pressure exponent for the particular propel- 
lant. If a and n are known, it may be convenient to re- 
write the equation for the chamber pressure as: 


Pe=(Knppa c*)"0™ 


Because chamber pressure (and thus the thrust) is a 
function of the propellant area ratio, the motor de- 
signer can adjust the propellant grain geometry in 
conjunction with nozzle design (and the expected 
amount of nozzle erosion) as tools to achieve the de- 
sired thrust profile (i.e., thrust versus time curve) for 
the rocket motor. 


Some grain geometries used in model and_ high- 
power rocketry and their typical thrust profiles are 
described in propellant grain geometry (rocketry). 


ROCKET MOTOR, CIGARETTE-BURNING — See rocket 


motor, end-burning. 


ROCKET MOTOR, COLD PROPELLANT — A small 


rocket motor that relies on releasing pressurized, usu- 
ally inert gas, such as nitrogen or helium, to produce 
small, controlled amounts of thrust. In large-scale 
rockets, cold propellant motors are often used for atti- 
tude control. In the past, Freon was used as a propel- 
lant in some model rockets. No combustion was in- 
volved in the operation of these rockets, but such use 
of Freon is no longer allowed due to its deleterious 
effect on the ozone layer. 


ROCKET MOTOR COMBUSTION INSTABILITY — Ir- 


regular or uneven burning of the propellant in a rocket 
motor, usually associated with abrupt changes of 
pressure within the rocket motor casing. When a pro- 
pellant grain burns in a rocket motor, various types of 
pressure oscillations may occur. In many cases, this 
is due to the interaction between the propellant burning 
surface and transient pressure effects (i.e., acoustic 
waves) within the motor cavity (1.e., pressure cham- 
ber). Such combustion instability phenomena can pre- 
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vent the stable combustion of the propellant grain. The 
graphs illustrated below (Kubota, 2007) demonstrate 
stable propellant combustion (upper pair of curves) 
and unstable combustion (lower pair of curves). 


AC 
v 
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@ 
a 
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v 
=) 
” 
” 
@ 
a 
DC 


Time 


Illustration credit: Naminosuke Kubota. 


In each pair of graphs, the curves labeled DC are the 
low frequency, DC-coupled pressure signals, indicat- 
ing chamber pressure during combustion of the pro- 
pellant grain. The graph curves labeled AC are the 
high frequency, AC-coupled components of the pres- 
sure signal, which documents the degree of stability 
of the combustion. 


A small amount of aluminum metal powder may be 
added to smokeless and reduced-smoke propellants to 
help suppress the acoustic combustion instability in a 
rocket motor. This is accomplished by the presence 
of the reaction product, aluminum oxide particles that 
tend to damp the undesired acoustic transients (1.e., 
short-term pressure fluctuations). 


Some forms of low-frequency combustion instability 
may euphemistically be described as chuffing be- 
cause of the sound that is produced. 


Stable propellant combustion can be studied using a 
strand burner (See VOP determination, method for) 
and instabilities can be studied using a T burner. 


ROCKET MOTOR, COMPOSITE — A rocket motor in 
which the propellant is a heterogeneous mixture pri- 
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marily composed of an oxidizer and a carbonaceous 
polymeric binder/fuel. It is described as a composite 
because it contains relatively large oxidizer particles in 
a homogeneous matrix of binder/fuel. It is not pressed 
to form a solid grain of composition, but rather it 
chemically binds together as it cures; it may appear 
homogenous even though it is actually a mixture. 
Usually, such a propellant consists of ammonium per- 
chlorate and a type of polybutadiene. It is also common 
to use aluminum or magnesium as an additional fuel 
in the propellant. A collection of commercially man- 
ufactured composite rocket motors is shown below. 


These motors range in physical size from 3.9 inches 
OD by 9.6 inches long (98 by 240 mm) to 0.9 inch 
OD by 2.8 inches long (23 by 69 mm). From left to 
right, based on their total impulse, these are I, H, F, E, 
and D motors (see impulse). 


Typically, composite rocket motors require different 
igniters and igniter systems than do Black Powder 
motors. The igniters should burn more vigorously, and 
the point of ignition is typically at the extreme opposite 
end of the propellant grain from the nozzle. Compo- 
site motors are commonly used in high-power rockets. 


ROCKET MOTOR, CORE-BURNING — (Also internally- 


burning rocket motor) — A rocket motor with a central 
open area in its propellant grain, as illustrated below 
in cross section. 


Burning 
Surface 


Central 
Cavity 


Propellant ‘—-Nozzle 

Grain 
Rocket motors depend on the production and exhaust 
of gas for their propulsive force (i.e., rocket thrust). 
The rate of gas production is a function of the mass 
rate at which the propellant is reacting (i.e., burning), 
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which in turn is a function of burning surface area. 
Accordingly, one method of increasing a rocket mo- 
tor’s thrust is to increase the burning surface area. 
This is relatively easily accomplished by providing 
an axial core through all or part of the propellant 
grain. An example of this type of construction, as 
commonly used in a firework rocket, is illustrated be- 
low in cross section. 


Fire Hole 


Top Plug 


| Pyrotechnic 
Composition 


<— Motor 
Casing 


<7,—— Exhaust 
Nozzle 


With this simple core design, thrust starts fairly high 
and increases briefly because the diameter of the core 
increases as the propellant burns away. Soon, the 
propellant burns completely to the casing wall, and 
the motor becomes an end-burning rocket motor. At 
that time, the thrust level drops significantly, because 
only the relatively small surface area of the propel- 
lant grain, at the top end of the motor, is burning. An 
illustration of a thrust profile for this type of a core- 
burning rocket motor (also described as a cored, end- 
burning rocket motor) is illustrated below. 


4 Transition to 
nd Burning 


Thrust 


Time 


In manufacturing this type of cored, end-burning 
rocket motor, the propellant will be formed around a 
central rocket spindle. 


Many model rocket motors are core-burning; in most 
Black Powder motors, the core is much shorter than 
illustrated above. In contrast, most core-burning 
composite model rocket motors have a core the full 
length of their grain(s). Model rocket motors also 
have a delay charge at the upper end of the propellant 
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grain to allow the slowing of the model rocket (in the 
coasting phase) before deploying its recovery device. 


Large military and commercial rocket motors typically 
have complex designs for their cores to achieve spe- 
cific thrust profile needs. 


ROCKET MOTOR CORE DESIGN - See propellant grain 
geometry (rocketry). 


ROCKET MOTOR, DUAL-GRAIN, DUAL-THRUST — 
See rocket motor, dual-thrust. 


ROCKET MOTOR, DUAL-THRUST — (Abbreviated 
DTRM) — A solid-propellant rocket motor in which 
the thrust is delivered at two separate and distinct lev- 
els. The first level is high thrust (i.e., boost level) and 
the second level is much lower thrust (i.e., sustainer 
level). The advantages ofusing a DTRM are discussed 
in the entry rocket, dual-thrust. There are several useful 
strategies for producing a DTRM (discussed below). 


single-grain, dual-thrust rocket motor — A 
DTRM with a single combustion chamber and nozzle 
and a single propellant grain of uniform composition. 
The two-staged thrust is accomplished by using two 
different burning surface areas of the single propel- 
lant grain. One simple way to achieve this is to use 
the cored, end-burning geometry (illustrated below in 
longitudinal cross section) commonly used in many 
Black Powder model rocket motors. 


Liner Propellant 


LOGI GIS YYZ -= 15 


For higher performance motors, more complex core 
configurations can be used, such as that illustrated 
below in transverse cross section. 


The initial core design with its large burning surface ar- 
ea is on the left. After burning for a short time (right) 
the propellant will have burned to the liner (i.e., cham- 
ber) wall, greatly reducing the burning surface area. 


A potential problem with this design is the large 
amount of void space compared with the volume oc- 
cupied by propellant. 
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dual-grain, dual-thrust rocket motor — A DTRM 
with a single combustion chamber and nozzle, and ei- 
ther two individual propellant grains of different 
composition or one grain formed from two different 
propellants. Two of the many ways that this can be 
accomplished are illustrated below in longitudinal 
cross section. The simplest is an end burning design 
(upper illustration) in which the fast burning (i.e., 
boost level) propellant burns first and the slower 
burning (i.e., sustainer level) propellant is not ignited 
until after the boost propellant has burned out. 


A higher thrust configuration is one in which a core 
of some type is used (lower illustration, above). In 
this case, both propellants are burning at the same 
time and contributing to the boost level thrust. Once 
the fast burning propellant has burned out, the slower 
burning propellant continues burning to provide the 
sustainer level of thrust. With this type of configura- 
tion, it is common to have the fast burning end of the 
propellant grain closer to the nozzle. This has the ef- 


fect of decreasing the degree of erosive burning of 


the slower burning propellant. 


Another cored design is one having the two propellant 
types configured coaxially as illustrated below (end-on 
view). For the most part with this design, the two pro- 
pellants burn one after the other in sequence (initially, 
as illustrated below in transverse section, on the left 
and then on the right, at the start of the slow burning). 


Slow Burning 


Liner —” 
Fast Burning 


pulse rocket motor — A rocket motor having a single 
nozzle and two or more physically separated propel- 
lant grains of differing grain composition (or the 
same composition but with different geometries). The 


first thrust pulse (i.e., boost level) is produced when 


the first propellant grain is ignited. After the combus- 
tion of the first booster propellant grain is complete, 


the second (and subsequent propellant grains, if 
needed) is ignited. It may be necessary to provide a 


time delay between the ignition of the various indi- 
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vidual grains to fulfill the mission requirements (in 
some cases burning all of grains may not be neces- 
sary). The barrier separating the grain being ignited 
from the previously bummed grain is normally blown 
through or destroyed when the grain beyond the bar- 
rier is to be ignited. 


ROCKET MOTOR, DUCTED A type of a supersonic- 
flight, ramjet engine in which the fuel is a pyrolant 
that upon burning generates high temperature, fuel- 
rich gaseous combustion products. The pyrolant is 
loaded into a gas generator, and its fuel-rich combus- 
tion products are injected into a ramburner and mixed 
with ramair introduced from the head end of the ram- 
burner. The ramair is formed by deceleration of the 
supersonic airflow through the formation of shock 
waves. An example of a ducted rocket motor is illus- 
trated below in cross section. 


Gas Generating Pyrolant 


Primary Combustion 
Zone or Chamber 


Air Flow 


Shock Wave 


Gas Flow Control System 


Intake Air 


Secondary Combustion 
Zone or Chamber 


Ramburner 


Nozzle 


Illustration credit: Naminosuke Kubota. 


ROCKET MOTOR, END-BURNING — (Also cigarette- 
burning rocket motor) — A rocket motor with a solid 
propellant grain that, once ignited, burns from only 
one end is illustrated below in cross section. 


Burning 
Surface 


7 Casing 


Propellant Nozzle 


Grain 
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Most often, an end-burning rocket motor will incor- 
porate a nozzle for added efficiency. An end-burning 
rocket motor, because of its fairly small burning sur- 
face, will produce relatively long duration but little 
propulsive force (i.e., rocket thrust), as suggested by 
the idealized thrust profile illustrated below. In addi- 
tion, since the burning surface area is nearly constant, 
the thrust will be nearly constant. 


Thrust 


Time 


A particularly simple design for an end-burning rocket 
motor, such as may be used in some firework rockets 
is illustrated below in cross section. 


Top Plug 


Pyrotechnic 
Composition 


No Exhaust 
Nozzle 


In this case, if the propellant burns sufficiently rapid, 
the rocket motor may be powerful enough to not need 
a nozzle (e.g., firework whistling rocket). 


ROCKET MOTOR EXHAUST — Most terms relating to 
rocket motor exhaust can be found as terms begin- 
ning with the word exhaust. 


ROCKET MOTOR, EXPENDABLE — A single use rock- 
et motor purchased complete and ready for installa- 
tion in a model or high-power rocket. While this is 
the most common type of model rocket motor, there 
also are reloadable rocket motors, which are pre- 
ferred by many for high-power rockets. 


ROCKET MOTOR, GAS-HYBRID — A hybrid rocket 
motor in which fuel components are produced in a 
gas generator and injected into a combustion chamber 
where a liquid oxidizer (from an oxidizer tank) is also 
injected. Gasification of the fuel is accomplished by 
the burning of a fuel-rich pyrolant. The gasified fuel 
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component and the atomized oxidizer react in the 
combustion chamber to produce the final combustion 
products, which are exhausted from a nozzle attached 
to the end of the rocket combustion chamber as illus- 
trated below in cross section. 


Liquid Oxidizer 


4-———_ Control Valve 


Pyrolant 


Fuel Gas Injector 


Primary Combustion 
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Illustration credit: Naminosuke Kubota. 
ROCKET MOTOR GRAIN — See propellant grain. 


ROCKET MOTOR, HIGH-POWER — See high-power 
rocket motor. 


ROCKET MOTOR, HYBRID — A rocket motor in which 
the fuel(s) and oxidizer(s) are in different physical 
states. Typically, the fuel is a solid and the oxidizer is 
a liquid or gas. Combustion takes place in the fuel 
grain; so that portion of the design is very similar to a 
solid propellant rocket motor is illustrated farther be- 
low in cross section. The advantages of a hybrid rocket 
motor are that thrust can be throttled, the motor may 
be shut down and restarted, and only one liquid tank 
and plumbing system are required. 


ROCKET MOTOR IGNITER — See electric igniter 
(rocketry). 


ROCKET MOTOR, INTERNALLY-BURNING — See 
rocket motor, core-burning. 


ROCKET MOTOR, JETEX™ — See Jetex. 


ROCKET MOTOR LINER - A layer of ignition inhibiter 
applied to the inner surface of the chamber holding the 
propellant grain in a solid-propellant rocket motor. In 
mid- and high-power amateur rocketry, the propellant 
is often cast in a liner tube and the cast liner tube as- 
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Illustration credit: Naminosuke Kubota. 


sembly is then inserted into a second case liner, either 
by the manufacturer for single-use motors or by the 
hobbyist for reloadable rocket motors. The second (i.e., 
outer) liner’s role is to protect and insulate the motor 
casing from the hot (1.e., damaging) combustion gasses. 


ROCKET MOTOR, LOADABLE — A single-use model 
rocket motor or high-power rocket motor that is sup- 
plied with its propellant grain(s), delay element and 
ejection charge separate from the rocket motor casing 
(i.e., pressure vessel). These items must be assembled 
into a completed rocket motor to prepare it for use. 


ROCKET MOTOR, MODEL — See model rocket motor. 


ROCKET MOTOR MOUNT — (Also motor mount) — A 
construction used to position and hold a rocket motor 
securely in the rocket body (1.e., airframe). The sim- 
plest form ofa motor mount may be little more than the 
rocket’s body tube itself; in contrast, for arocket with a 
cluster of motors, the motor mount may be quite 
complex. 


Typically, a model rocket motor mount will consist of 
a motor mount tube with a motor hook, possibly with 
spacers and a motor block. A completed model rocket 
motor mount is shown below (upper) and then with 
the motor mount (with a motor inserted) installed into 
the lower-finned section of a model rocket (lower). 
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High-power rocket motors often require more sub- 
stantial methods of motor retention. 


motor mount tube — (Also engine tube) — A com- 
ponent of a rocket motor mount, consisting of a tube 
with an inside diameter only very slightly larger than 
the rocket motor’s outside diameter. A small rocket 
motor (A) having been installed into its motor mount 
tube (B) is shown below. 
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motor hook — (Also engine hook) — Typically a flat 
piece of metal bent at both ends to hold the rocket 
motor in position once it has been inserted into the 
motor mount tube. An example of a motor hook (C) 
alongside the rocket motor (A) for which it is intended 
is shown below. 


motor (A) from slipping out before launch or its being 
ejected rearward when the ejection charge ignites, 
while allowing the easy insertion and removal of the 
motor before and after the rocket’s flight. The top 
end of the motor hook (C2) prevents the motor from 
slipping up into the rocket’s body tube as the motor 
burns. For more powerful motors, a motor block may 
be used and may also back up the top end of the motor 
hook for extra strength, even with smaller motors. 


motor block — (Also engine block) — A thick- 
walled, short tube or bulkhead used to couple the 
rocket motor’s thrust to the rocket’s airframe. The 
motor block is firmly attached to the body tube of the 
rocket just ahead of the motor. As the motor burns, it 
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presses against the motor block, transferring its force 
to the body of the rocket. When the motor has an 
ejection charge, used to deploy a recovery device, it 
is necessary that the motor block be designed to al- 
low the ejection charge gases to pass through it. The 
motor block may be combined with an ejection baffle 
as a single unit. 


motor-mount centering ring — (Also motor-mount 
adapter) — A device (often a short thick-walled tube) 
used to fill the gap between the outside diameter of 
the motor-mount tube and the inside diameter of the 
rocket’s body tube. The two centering rings (D) for 
the assembled motor mount, and the securing band 
for the motor hook (E), are shown below. 


HEEEEREEEEE Senaacacacassuuseuce 


ROCKET MOTOR, MULTI-NOZZLE — A rocket motor 
composed of a single combustion chamber and mul- 
tiple nozzles attached to the end of the chamber. The 
length of the rocket motor can be shortened signifi- 
cantly by the use of multiple nozzles, while providing 
the same thrust as a single nozzle. Since the rate of 
heat transfer to each of the multiple nozzles is high, 
the effect of nozzle erosion may also be high. 


ROCKET MOTOR NOZZLE — Most rocket-motor nozzle 
related terms can be found as terms beginning with 
the word nozzle. 


ROCKET MOTOR, NOZZLELESS — A rocket motor 
without a distinct exhaust nozzle. Several benefits are 
provided by eliminating the nozzle; these include a 
reduction in the motor’s weight, allowing more pro- 
pellant in the same total motor volume, a simpler de- 
sign and easier construction. 


In many cases, the propellant grain may have only a 
simple core; while in others, the exhaust-end of the 
propellant grain’s core is manufactured in the shape 
of the divergent portion of a conventional rocket noz- 
zle. An example of this type of propellant grain is il- 
lustrated below in cross section. 


ERE SS 


With careful design, a nearly constant thrust profile 
can be achieved, but there are also disadvantages. The 
thrust coefficient and specific impulse (/;,) obtained 
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from a nozzleless rocket will not be as high as that 
for a rocket motor with a conventional convergent- 
divergent nozzle. The /,, may be only approximately 
80% that of a well-designed motor with a nozzle. 


Care is required to ensure that the design provides 
critical flow at the exit plane without producing ex- 
cessively high head-end pressures. An interesting 
variation of the nozzleless motor is the use of a nozzle 
made of another propellant that burns out at the same 
time as the main propellant. 


A nozzleless rocket motor may be used as the booster 
motor of an integrated rocket ramjet or ducted rocket 
motor. In this case, the nozzleless rocket motor occu- 
pies what will be the ramburner. This is a simplifica- 
tion because the booster rocket motor and/or nozzle 
do not need to be ejected once it has completed its 
burning. How this might be configured is illustrated 
below in cross section. 


Gas Generating Pyrolant pir Intake 


Booster Propellant Grain 
Illustration credit: Naminosuke Kubota. 


In fireworks: Whistling bottle rockets are commonly 
made with a simple nozzleless motor that has no core 
or taper. This is possible because the whistling pro- 
pellant burns vigorously, and the rocket is lightweight. 


ROCKET MOTOR, PAD-START — Any rocket motor 
that is ignited before the first motion of the vehicle. 
Simple model rockets and the first stage of multistage 
rocket are examples of pad-start motors. Care should 
be taken to ensure that a pad-start motor is sufficient 
to accelerate the rocket to a safe velocity to fly stably 
by the time it clears the top of its guide rod or launch 
tower (see launcher). 


ROCKET MOTOR PROPELLANT — See propellant, 
rocket motor. 


ROCKET MOTOR PROPELLANT GRAIN — See propel- 
lant grain. 


ROCKET MOTOR, PULSE — See rocket motor, dual- 
thrust. 


ROCKET MOTOR, RELOADABLE — A model rocket 
motor or high-power rocket motor that is capable of 
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being reused, by reloading the motor casing (..e., 
pressure vessel) with a new propellant grain (along 
with any necessary insulators or liners), as well as a 
delay element and ejection charge if used in the motor. 
The device may need to be cleaned, and nozzles and 
O-rings may need to be replaced after each use. Three 
examples ofreloadable rocket motors are shown below. 


Photo Credit: RCS Rocket Motor Components 


The internal construction ofa typical reloadable rocket 
motor is illustrated below, where A is the aft motor 
closure, B is the nozzle, C just inside the motor casing 
is the liner, D are three propellant grains, E is the for- 
ward motor closure, F is the ejection charge, and G is 
the ejection delay element. 


Illustration Credit: RCS Rocket Motor Components 


A set of the principal components of a typical rocket 
motor reload kit is shown below, where A is the liner, 
B are four propellant grains, C is the nozzle, D is the 
ejection delay charge, E is the insulator for the delay 
element, F are spacers, G is the aft insulator and His a 
set of four O-rings. Not shown are the motor casing and 
its two end closures, which are reused for each firing. 


. RX 


Hs 
ae: 


Photo Credit: RCS Rocket Motor Components 


Reloadable rocket motors are of two types, one is de- 
scribed as a limited-use motor, for which the manu- 
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facturer has prescribed the maximum number of 
times the motor is to be used. The other type is simp- 
ly described as a reloadable rocket motor and can be 
reused indefinitely. 


ROCKET MOTOR, SINGLE-GRAIN DUAL-THRUST — 


See rocket motor, dual-thrust. 


ROCKET MOTOR, SOLID PROPELLANT — A rocket 


motor with its fuel and oxidizer combined (i.e., mixed) 
as a solid mass of propellant. This is in contrast with 
a rocket engine in which liquid propellants are used. 


ROCKET MOTOR, STEAM - A rocket motor that pro- 


duces its force or thrust by means of steam produced in 
the rocket motor or vehicle by the heating of water. 
Highly concentrated hydrogen peroxide [H202] can be 
used in one form of steam rocket that produces steam 
and gaseous oxygen when it decomposes in the reac- 
tion chamber. This decomposition is brought about by 
a catalyst. 


ROCKET MOTOR TEMPERATURE SENSITIVENESS — 


For a given propellant, the burn rate (7) and thus the 
pressure developed in the rocket combustion chamber 
(P.) depends on the temperature of the unreacted 
propellant (7). This temperature dependence is de- 
scribed as the temperature sensitiveness of the pro- 
pellant in the rocket motor. 


The temperature sensitiveness of a rocket propel- 
lant’s burn rate (o,), under a constant chamber pres- 
sure, is defined as: 


1 — 
eee [a 
Yovg T, =, 


Here, the temperature change from 7 to 7; produces 
the change in burning rate from 79 to 7 and ayg is the 
average burn rate, (ro + 71) / 2, all with the chamber 
pressure (P-) held constant. 


The temperature sensitiveness of a rocket propellant’s 
chamber pressure (zx), with a constant propellant area 
ratio is defined as: 


1 
1, = [e=ze zs 
Pag T, _ qT) 
Here, the temperature change from 7p to 7; produces 
the change in chamber pressure from po to p; and Pavg 
is the average chamber pressure, (po + p1) / 2, all with 


the propellant area ratio (K,) held constant. Note that 
propellant area ratio is defined as: 
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Here, A, is the burning surface area of the propellant, 
and 4; is the cross-sectional area of the nozzle’s throat. 


It is common for temperature sensitiveness to be ex- 
pressed as the percent change per degree. 


ROCKET MOTOR TUBE — See rocket motor mount. 


ROCKET, MULTISTAGE — (Also multiple-stage rocket) 
— A rocket consisting of two or more complete sec- 
tions, each with its own propulsion unit. These sec- 
tions (i.e., stages) may be arranged to operate in se- 
ries (1.e., firing sequentially) or in parallel (.e., firing 
at the same time) but sometimes having different 
thrust durations. 


In full-scale rocketry, staging is used to reduce the 
weight being accelerated by dropping off stages as 
their propellant is exhausted. This weight reduction 
allows each succeeding stage to reach higher altitudes 
and velocities using less propellant with the rocket 
having a much lower initial liftoff weight. To date, 
staging is necessary to place payloads in orbit, alt- 
hough work is being done to develop single stage to 
orbit (SSTO) vehicles. 


In amateur rocketry, staging is much less useful (as 
well as less reliable). Its main purposes are to provide 
novelty to the launch, add greater realism in the case 
of some scale models and to demonstrate the staging 
operation (sometimes in conjunction with clustering 
of motors). Actually, in the majority of cases in ama- 
teur rocketry, using a single motor with the same total 
impulse as the staged (or clustered motors) and a 
minimum diameter rocket (for the motor being used) 
will yield greater reliability and a higher altitude than 
staged (or clustered) rockets. 


Some of the many different staging methods are dis- 
cussed below. 


direct staging — This type of staging applies to 
Black Powder motors ignited in series. In this case, 
the lower stage motor is in direct contact with the up- 
per stage motor. The upper stage motor is ignited by 
means of the burning propellant gases, hot particles 
and chips of burning propellant from the first stage 
motor(s) igniting the second stage motor. If there are 
more than two stages, the process continues with each 
stage igniting the stage above it. This type of staging 
is illustrated at the below right in cross section. Note 
that a booster motor (lower portion of illustration) 
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7 Retainer Cap 


does not have a delay element ae 
eu Ejection Charge 


like motors in most single- 


stage rockets. Delay Charge 
7 Second Stage 
Propellant 


Grain 


Due different propellant 
grain geometries and ignition 
characteristics, direct staging 
is not used with composite 
rocket motors. They require 
the use of electronic timers, 
controllers or other devices to 
ignite the motors in each 
stage after the first (ie., 
booster) stage. 


Jet of Fire 
Igniting 
Second Stage 


Remaining 
First Stage 
Propellant 


gap staging — This is a mod- 

ified form of direct staging where the two motors are 
separated by some distance (sometimes by as much 
as 10 inches). The communication of fire between the 
motors is facilitated by venting of the tube connect- 
ing the motors at the end nearest the motor being ig- 
nited. This venting allows the burning gases to push 
the air from the tube to allow better penetration of the 
igniting gases and hot particles into the upper stage. 


delayed staging — In this staging, there is a time de- 
lay between the burnout of the lower stage and the 
ignition of the following stage. This delay may be 
produced by a delay element in the lower stage or by 
electronic (or mechanical) means. The time delay al- 
lows the rocket to coast, at the expense of a portion 
of its velocity, before the next stage is ignited. In 
some cases, this may result in the rocket achieving a 
greater total altitude, but it may also result in more 
severe weathercocking and a less vertical flight. 


indirect staging — In indirect staging of motors, the 
subsequent ignition(s), following the initial (or first) 
stage, are initiated using electronic or me- 

chanical means to control the timing. 

Usually, the electronics is a simple timer, 

but it could be an accelerometer, an altim- 

eter or some combination of these. Be- 

cause of the added complexity of indirect 

staging, it is not commonly used for Black A 
Powder motors. Indirect staging is neces- 

sary for composite rocket motors because 

of their propellant ignition characteristics 

and grain geometries. 


parallel staging — Staging in which mo- 
tors are clustered in the first stage. Typi- 
cally, this will use three or more motors, 
often with the center motor having a long- 
er burn time than the outboard motors, 


fame 
rah 
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which are released and dropped off at the end of their 
burn, as illustrated at the right above. 


In some cases, parallel staging may be combined with 
series staging to add even more novelty (or a more 
realistic flight in the case of some scale models). 


series staging — In this staging, each successive mo- 
tor is fired after the motor below it has burned out. 
This can be done with or without delays between stag- 
es. Direct and gap staging are the most common ex- 
amples of series staging. As typically used, indirect 
and delayed staging are also examples of series stag- 
ing, and occasionally series staging may be combined 
with parallel staging. 


ROCKET NOZZLE — Most rocket motor nozzle related 
terms can be found as terms beginning with the word 
nozzle. 


ROCKET, P.A.C. — (Also parachute and cable rocket) 
— A type of line-throwing rocket used by the British 
during World War II to protect ships from enemy dive 
bombers. The rocket was fired vertically, trailing a 
strong steel cable. At the apex of its flight, the rocket 
released a parachute so that the cable remained in the 
air for some time. A barrage of such rockets afforded 
effective protection from low-flying aircraft, as con- 
tact with a cable inflicted severe damage to an air- 
craft traveling at speed. A picture showing an Allied 
shipping convoy being protected by a barrage of P.A.C. 
rockets during the World War II is illustrated below. 


Illustration credit: Brock 1949 


ROCKET PLUME — See exhaust plume, rocket. 
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ROCKET PROPELLANT — Any agent used for con- 


sumption or combustion in a rocket and from which 
the rocket derives its thrust. (See propellant type.) 


Solid chemical propellant: Two general types of solid 
propellants are commonly in use. The first type is 
double-base (DB) propellant, a type of homogeneous 
propellant. The other propellant type is composite 
propellant, a type of heterogeneous propellant. In ad- 
dition, for model rockets and firework rockets, (dis- 
cussed in those entries) Black Powder is the most 
commonly used propellant. 


In the past, double-base propellants consisted of a 
simple mixture of nitrocellulose (NC) and nitroglyc- 
erine (NG), plus a small quantity of additives. There 
is no separate fuel and oxidizer, as both NC and NG 
operate as fuel, oxidizer and binder. 


In more recent times, composite, modified double- 
base (CMDB) propellants have been formulated by 
adding oxidizers and other fuels to a double-base 
propellant to improve its performance. 


Double-base propellants are often processed or formed 
by extrusion, although casting has also been employed. 


Composite propellants are made from separate fuel 
and oxidizer chemicals that are intimately mixed in 
the solid propellant grain. There are many types of 
composite propellants. The oxidizer is usually am- 
monium perchlorate or potassium perchlorate, but 
ammonium nitrate or even potassium nitrate may be 
used. The oxidizer often consists of as much as 80% 
or more of the propellant mixture. The fuels used of- 
ten include powdered aluminum or magnesium. The 
oxidizer and metal fuel are held together with a rub- 
ber or plastic binder that participates as a fuel and pro- 
vides form and rigidity to the grain. One of the more 
common binders is hydroxyl-terminated polybutadi- 
ene (HTPB). Composite propellants are almost always 
formed by casting. 


Liquid chemical propellant: Two separate propellant 
chemicals are used in most liquid chemical rockets, a 
fuel and an oxidizer. Typical fuels include kerosene, 
alcohol, hydrazine, hydrazine derivatives and liquid 
hydrogen; many other fuels have also been tested and 
used. Oxidizers include nitric acid, nitrogen tetroxide, 
liquid oxygen and liquid fluorine, some of which ex- 
ist as liquids only at very low temperatures, adding 
greatly to the difficulty of their use. 


Concentrated hydrogen peroxide is one example of a 
liquid mono-propellant. 
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ROCKET RACK, FIREWORK -— See firework stick 
rocket rack. 


ROCKET RACK, FIREWORK STICK -— See firework 
stick rocket rack. 


ROCKET, RESEARCH — See high-power rocket, ad- 
vanced. 


ROCKET, RETRO — See rocket type by function. 


ROCKETRY — The art and science of designing, devel- 
oping, building, testing and launching rocket-powered 
vehicles and of controlling their flight. 


ROCKETRY ASSOCIATION (UK) — (Abbreviated 
UKRA) — An association that represents high-power, 
mid-power, model and amateur/experimental rocketry 
in the United Kingdom. The UKRA is also the spe- 
cialist body to the British Model Flying Association 
(BMFA) with responsibilities for high-power rocketry. 
Formed in 1996, the UKRA organizes two large na- 
tional rocket launch events each year and, through 
UKRA affiliated rocketry clubs, organized rocket 
launches are able to take place on a weekly basis. The 
UKRA liaises with government bodies on behalf of 
UK rocketeers and ensures safe launches through its 
certification program and network of experienced 
Range Safety Officers. For more information see: 
www.ukra.org.uk 


ROCKETS™  — The official magazine of the Tripoli 
Rocketry Association. For more information see: 
www.rocketsmagazine.com 


ROCKET, SIGNAL — A rocket-propelled aerial device 
that may be used to provide identification, provide 
location information or give a warning. Signal rockets 
may discharge various effects, depending on the spe- 
cific purpose for which they are intended. Examples 
of such effects include very bright, white or colored 
stars, parachute flares, flags suspended from para- 
chutes, smoke, explosive sound, flash and explosive 
sound, and radar-reflecting materials. An example of 
a modern, hand-fired signal rocket is shown farther 
below, first as packaged for use (upper), and then 
(lower) showing its deployment mechanism (the red 
lever), which is rotated to release a spring-activated 
firing pin that fires a small primer to ignite the rock- 
et’s propellant. 


When the rocket reaches its maximum altitude, it dis- 
charges a high-intensity red flare suspended from a 
parachute. 
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PARA RED ROCKET MK 3 


Historical: Firework and military rockets were proba- 
bly used as signals from time to time over many cen- 
turies, but this is not well documented. In the 18" 
century, English mathematician and ballistics expert 
Benjamin Robins (1707-1751), recognizing the pos- 
sible usefulness of rockets for signaling, determined 
that some of the rockets fired during the great fire- 
work display in London in 1749, reached heights of 
600 yards (550 m). He calculated that they would be 
visible for 50 miles under favorable conditions, and 
subsequently organized some experiments to deter- 
mine the distance from which rockets could be seen. 
These were followed by experiments to measure the 
distance to which rockets could rise. 


In these trials, rockets from 1.5 to 4 inches (38 to 200 
mm) in diameter were tested and found to reach 
heights ranging from 600 to 1200 yards (550 to 1100 
m). Subsequently, purpose-made signal rockets were 
manufactured at the Royal Laboratory at Woolwich 
for the British army and navy. These signal rockets, 
which discharged white stars, were described and il- 
lustrated in 1785 by British pyrotechnist John Mas- 
kall. Over 80 years later, British military signal rockets 
were still being made to essentially the same specifi- 
cations given by Maskall. 


For many years, signal rockets were essentially large 
firework rockets that were stabilized by sticks. During 
World War II, various devices were developed that dis- 
charged signal rockets from tubes. These rockets had 
to be very compact and means that did not involve fins 
or sticks had to be devised for stabilizing their flight. 
Following these developments, small, hand-fired sig- 
nal rockets, such as that shown above, became widely 
available for both military and civilian use. The rock- 
et fired from this device consists of an aluminum al- 
loy tube, divided approximately into thirds by the 
rocket motor, which occupies the middle third. The 
front third contains the flare and its parachute, while 
the rear third is empty and is perforated by several 
slots running along its length. This rear portion serves 
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to stabilize the rocket in its flight by moving the rock- 
et’s center of pressure rearward of its center of gravity. 


Signal rockets that discharge radar-reflecting materials 
were disclosed in 1959 (US Patent 3,049,080, 1962). 
The rocket carried approximately 20,000 aluminum 
filaments or silver-plated nylon filaments approxi- 
mately 0.01 inches in diameter and from 0.5 to 1.5 
inches long. These were dispersed into the air by a 
small explosive charge when the rocket reached its 
maximum altitude. The resulting cloud of filaments 
was easily detected by radar, irrespective of prevailing 
weather conditions. 


ROCKET SPINDLE -— See spindle. 


ROCKET, SPIN-STABILIZED — A rocket, of any con- 
figuration, in which spin stabilization is the primary 
means of regulating the flight trajectory. (See rocket 
flight stabilization method (spin-stabilization).) 


ROCKET STABILITY — See rocket flight stabilization 
method. 


ROCKET, STEP — See rocket, multistage. 

ROCKET, STICK — See firework rocket type, basic. 
ROCKET, SUSTAINER — See rocket type by function. 
ROCKET THRUST - See thrust, rocket. 


ROCKET TUBE, FIREWORK -— See firework rocket 
motor casing. 


ROCKET TYPE BY FUNCTION — There are several 
types of rockets defined by the function (i.e., applica- 
tion) they perform. 


booster rocket — This is either the first stage(s) of a 
multistage rocket or strap-on unit(s) used to assist the 
main vehicle’s propulsion. The strap-on boosters of the 
space shuttle are an example of this second type of 
booster rocket. Usually, the booster rocket produces 
much greater thrust and is propelled by a solid pro- 
pellant. 


integral rocket booster — Ramjets and ducted 
rocket motors need to be accelerated from zero veloc- 
ity to higher than the sonic velocity to produce the 
high ramair pressure required to operate. This accel- 
eration may be accomplished by using a booster pro- 
pellant grain mounted in the ramburner of the ramjet 
or ducted rocket, which thus acts as a booster rocket. 
After burnout of the booster propellant, the now emp- 
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ty ramburner operates as the combustion chamber or 
a portion thereof. 


control rocket — A Vernier engine or other rocket 
used to change the attitude or make small changes in 
the speed of a rocket or spacecraft. 


retrorocket — A rocket fitted on a vehicle (e.g., a 
spacecraft or satellite) to produce thrust in a direction 
opposite to the vehicle’s forward motion. It is used as 
a method of slowing the vehicle, such as for reentry 
into the atmosphere. 


side thruster — A type of control rocket attached to 
the side of a flight projectile. The side thruster is fired 
when a side force is needed to change the flight di- 
rection similar to that accomplished with aerodynamic 
fins. A side thruster is necessary in space and at high 
altitude where the air density is too low for fins to 
operate properly. Several side thrusters may be at- 
tached to a projectile to control flight attitude in all 
directions. The thrust of a side thruster is modulated 
with time. (See thrust modulation.) 


sustainer rocket — The second or upper stage(s) in a 
multistage rocket. A sustainer rocket may operate to 
maintain a relatively constant flight speed after the ac- 
celeration accomplished by the booster rocket, or it 
may be used to provide additional acceleration to the 
rocket. 


ullage rocket — A small rocket used in zero gravity 
to impart acceleration to a tank system to ensure that 
the liquid contents collect in the tank in such a man- 
ner as to flow properly into the pumps or combustion 
chamber. 


ROCKET TYPE, AMATEUR —See amateur rocket, model 
rocket, high-power rocket and high-power rocket, 
advanced. 


ROCKET, ULLAGE — See rocket type by function. 


ROD AND FUNNEL METHOD - See funnel and rod 
method. 


RODENT GAS BOMB - (Also gopher bomb, gopher 
gasser or gopher getter) — A type of pest and predator 
control device that produces toxic and/or noxious gas 
to kill rodents and similar borrowing pests. 


THE GIANT DESTROYER 
| 
The device is used by igniting its fuse, (typically visco 
fuse), dropping the device into an opening of the an- 
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imal’s burrow and sealing the opening with dirt. The 
burning composition produces substantial quantities 
of toxic carbon oxysulfide [COS] (also described as 
carbonyl sulfide) or other toxic and noxious gases. 
These gases flow through the animal’s burrow, killing 
any animals remaining within. These devices, alt- 
hough pyrotechnic in nature, are readily available in 
the US from some hardware stores, garden centers 
and nurseries. 


The compositions used today in such devices are typ- 
ically sulfur-rich mixtures of common Black Powder 
ingredients; formulations 1 and 2 below are examples 
(taken from information supplied with the products). 
Formulations 3 to 5 were used historically (from the 
Allen Formulary). 


Formulation > Parts by Weight 
Ingredien | (1) | (3) | | (5), 


a) Ammonium carbonate [(NH4)2CO3] {CAS 506-87-6}. 

b) Cyanogen iodide [ICN] {CAS 506-78-5}. 

c) Only the terminal increment of composition in the de- 
vice (that which burned last) includ- 
ed the cyanogen iodide. 


Historical: In 1910  British- 
American pyrotechnist Thomas G. 
Hitt (1874-1958) was awarded US 
Patent 951,119 for a cartridge used 
to kill burrowing animal pests, as 
described above. The device is il- 
lustrated at the right in cross-section. 


In the drawing, 1 is a covering of 
thin paper, wrapped around a car- 
tridge shell (2) made of stiff paper or 
strawboard and closed at one end 
with a plug (3) of hard-rammed clay. 
The paper wrapping is tucked into 
the end of the cartridge shell im- 
mediately above the clay plug. A 
small charge of Black Powder (4) is 
placed into the shell and the rest of 
shell (2) is nearly filled with a fumi- 
gating composition (5). A fuse (6) is 


A 
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placed on top of the composition 5 and secured in 
place by twisting and pressing the thin paper wrapper 
around the fuse. The composition was specified to be 
mixed in granular form, so that it burned rapidly upon 
ignition without noise, sparking or spluttering, while 
generating smoke and poisonous gas. The subsequent 
very rapid burning of the Black Powder charge was in- 
tended to drive the generated smoke and poisonous gas 
into all parts of the burrow, quickly killing all ani- 
mals therein. The Black Powder charge in this device 
has evidently been abandoned in more recent designs. 
Fumigating compositions (1 and 2 in the above table) 
similar to that specified in the original patent are still 
used in modern devices. The excessively toxic arse- 
nic-based mixtures shown in the table are now obso- 
lete and can be regarded as historical aberrations. 


ROD MILL — See mill. 


ROLL — The rotation of a rocket or other device about 
its roll axis. In this case, the rocket or device will 
continue on its original flight path. For roll axis, see 
axis of rotation (rocketry). 


ROLL CAP — See toy cap. 


ROLLED STAR (fireworks) — See star manufacturing 
(fireworks). 


ROLL MILL — See mill. 


ROMAN CANDLE (fireworks) — (Also candle, display 
candle or exhibition candle) — A device consisting of 
a tube (typically cardboard) loaded in such a way as 
to periodically and repeatedly propel a projectile into 
the air after its single ignition. The projectiles may be 
stars or a variety of other small firework effects. Ro- 
man candles are usually described by the number of 
projectiles (described as balls) they discharge; for ex- 
ample, they may be described as an eight-ball or ten- 
ball Roman candle. 


Traditionally, a Roman candle consisted of a repeat- 
ing series of elements: candle delay composition, a 
star (or other effects) and propelling charge. This is 
illustrated farther below in cross section, where the 
projectiles are spherical stars. 


While some Roman candles contain spherical stars, it is 
more common for the stars to be cylindrical in shape. 


Roman candles range in size from small consumer 
devices shooting only a single star—some as small as 
0.25 inch (6 mm) in diameter—to much larger devices, 
often described as exhibition candles or display can- 
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dles. These larger Roman candles are normally be- 
tween 0.75 and 3 inches (19 and 75 mm) in tube di- 
ameter. They may shoot simple colored stars, comets, 
small shells (often described as bombettes), hummers, 
whistles, reports, whirling devices or groups of small 
stars that produce a mine effect. 


Delay composition: The candle delay composition 
(often described as candle composition, candle comp 
or Roman candle fuse) is typically a charcoal-rich 
Black Powder that burns relatively slowly, thus provid- 
ing a suitable time interval between firings. Some ex- 
ample formulations are presented below. 


Formulation > Parts by Weight 
Ingredient | (1) | (2) | (3) | (4) 


| | | 
a) 16 parts 20 mesh plus 4 parts 80 mesh. 
b) Equal parts 40 to 100 mesh and 30 to 60 mesh. 
1) Kentish, 1905. 2 and 3) Hardt, 2001. 
4) Lancaster, 2006. 


Propelling charges: When manufacturing Roman 
candles, theory suggests that the propelling charge of 
granulated Black Powder should be decreased some- 
what as one progresses from the topmost (first to be 
fired) projectile to the lowest of the series. This is be- 
cause the length of the Roman candle tube (i.e., mor- 
tar) that is available for each projectile increases with 
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successive firings. This results in the propelling 
charges becoming more effective with each firing, 
and somewhat smaller propelling charges would then 
be sufficient. In practice, progressively varying the 
amount of propellant charge under each projectile is 
time consuming, and many commercial manufactur- 
ers avoid doing this for economic reasons. The result 
is that it is common to find Roman candles in which 
some of the initial projectiles are under lifted (failing 
to reach an adequate height) and/or some later projec- 
tiles are over lifted (possibly to the point of produc- 
ing blind effects). 


Alternate methods for delay: A Roman candle can be 
made using one (or more) long piece of Chinese tissue- 
paper fuse or visco fuse for producing its firing delays. 
In this case, the fuse is simply inserted inside of the 
candle tube against the inner wall. Loosely consoli- 
dated clay or other inert material separates the projec- 
tiles from one another. An example of a Roman can- 
dle made using this method is shown below, with the 
side cut out from the tube of the still assembled Ro- 
man candle (upper) and a close-up of one set of the 
basic components used in the Roman candle (lower). 


pe 


The delay between firings occurs as the fuse burns 
through the increments of inert material (in the above 
example, loose clay mixed with coarse sawdust). The 
firings occur as the result of the continued burning of 
the fuse, as its side spit (see fuse spit) ignites each 
projectile and lift charge. 


The delay in larger, high-quality Roman candles often 
consists of felt washers between the projectiles. The 
washers each have a compacted cylindrical pellet of 
pyrotechnic delay composition inserted tightly into a 
hole in the center of the felt washer. An example of a 
felt washer and delay pellet is shown at the right be- 
low, where the pellet (A) is clearly seen because it 
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has mostly been removed 
from the top of the felt 
washer (B). 


The burning of the delay 
pellet is ignited by the firing 
of the preceding projectile. 
The delay occurs while the ; 
pellet is burning, and the =7s7j) 

next firing occurs as the 

pellet burns through to ignite that projectile. The fire 
from the burning pellet quickly flashes between the 
wall of the tube and projectile, where it ignites the lift 
powder of the star that has already been ignited. This 
method is illustrated below in cross section, on the 
left. 


Star 
Candle Tube 4 
Lift Powder 4 
Pr 

y 

4 

L 


P 


Plastic Cup / Holder —) 
Felt Washer 
Star side 


In some designs for Roman candle delays, instead of 


a cylindrical pellet of powder, a short piece of Bick- 
ford fuse (primed on both ends) is used either in the 
felt washer or in a special small plastic cup that also 
holds both the projectile and its lift powder. This 
method is illustrated above (right). 


ROMAN CANDLE (rocketry) — Roman candle is used 
occasionally to describe the failure of the rocket mo- 
tor mount (thrust ring or engine hook) such that the 
body of the rocket stays on the launch pad while the 
motor flies out of the body 
(usually pushing the nose 
cone and recovery device 
ahead of it). Sometimes this 
is mistaken for a CATO. 
This may also be described 
as a land shark. 


ROMAN CANDLE BATTERY — 
(Also candle battery) — A 
cluster of Roman candles 
fused to burn simultaneous- 
ly. The candles can be in a 
single bundle, as shown at 
the right, to produce an in- 
tense display in a single di- 
rection. 


Here, the brown tubes are 
the Roman candles and the 
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red tube is hollow and used to position the candle 
battery over a metal stake, as shown below. 


Because of possible safety-related Roman candle 
malfunctions, it is useful to angle candle batteries 
somewhat away from spectators. When a Roman can- 
dle battery has been placed near enough to spectators 
such that its projectiles might reach them in the event 
of a malfunction leading to a repositioning of the bat- 
tery, providing a barricade on the side of the battery 
toward those spectators is recommended. 


As an alternative to bundles of Roman candles, a bat- 
tery can have the individual candles positioned in 
patterns such as a fan (shown below) to produce a 
display that spreads more widely in the sky. Obviously, 
a near endless number of possibilities exist for organ- 
izing the position of Roman candles in a battery. One 
simple display consists of Roman candles fanned out 
in three directions. 


If fans are composed of individual, relatively slow 
firing Roman candles, with colored stars that do not 
trail sparks, the effect will appear to be stars randomly 
firing in different directions, rather than the pleasing 
fan that is desirable. If, instead, the fans are composed 
of a collection of Roman candle batteries (each con- 
sisting of several candles), quite attractive displays 
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can be produced. Also, in the example of a double 
fan (shown below), the Roman candles discharge 
small salutes to make an effective display. 


The possibilities for Roman candle displays are further 
increased by coordinating the 
colors and types of effects 
produced by the candles in 
the battery. Long-tailed (1.e., 
comet) effects can be espe- 
cially attractive, and Chinese 
manufacturers now offer a 
wide variety of large-bore 
specialty (i.e., display or ex- 
hibition) Roman candles that 
are useful in staging artistic 
candle display batteries. One 
of many possibilities is illustrated at the right. 


In the positioning of Roman candles to form specific 
display patterns, it is often useful to use specially 
made holders; one such example is shown below. By 
selecting what device is placed into which tube and 
how those devices are fused, a number of different 
displays can be produced. 


Safety must be considered since these devices (espe- 
cially large caliber units) can spread their shots several 
hundred feet (30 to 100 m) from one another and may 
reach the ground still burning. Thus, it is necessary to 
provide an adequate distance in the direction of the 
projections of the Roman candle shots, especially in 
the directions toward spectators and combustible ma- 
terials. Careful consideration of separation distance 
will go a long way to ensure safety and will usually 
make special barricades (mentioned above) unneces- 
sary. In general, consumer Roman candles should be 
placed at least 200 feet from spectators and larger 
display candles should have at least 300 feet of sepa- 
ration distance. 


ROMAN CANDLE DELAY COMPOSITION — See Ro- 
man candle. 
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ROMAN CANDLE MALFUNCTION — Many Roman 


candle malfunctions are not safety-related. These in- 
clude failure to fire all their contained shots, multiple 
simultaneous firings and unevenly timed firings. Other 
malfunctions are safety related. Usually, these are a 
result of a Roman candle tube bursting explosively 
and causing the redirection of its remaining shots or 
the redirection of other nearby devices. 


One possible cause for the bursting of a Roman candle 
tube is illustrated in the series of cross-section draw- 
ings below. Normally, as a Roman candle fires a shot 
(i.e., star), which consists of a cylindrical pellet of 
composition. It is forced upward freely by the burning 
lift gases being produced, as illustrated below in cross 
section. 


Low Pressure Region 
Roman Candle Tube 


Roman Candle 
Comet Rising Freely 


High Pressure Region 
(Burning Lift Gas) 


It is possible on occasion for that pellet to catch on 
the inner surface of the tube and thus become 
jammed into position (illustrated below). 


Roman Candle 

Comet Rotates 

and Jams in the 
Tube 


Pressure Builds 
below the Comet 


If that occurs, the pressure under the pellet will rise, 
either from the burning of the lift powder from that 
shot or upon firing of the next in the series of pellets. 
When the pressure exceeds to burst strength of the 
Roman candle tube, the tube will fail as a mechanical 
explosion (illustrated below). 


Pressure Continues 
To Rise below 
Jammed Comet 
until Tube Bursts 
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Another way in which Roman candle stars (i.e., pel- 
lets) may become jammed is if there has been previ- 
ous water damage to the tube. In that case, it is com- 
mon for the tube wall to swell and remain swollen 
even after the tube has again dried (illustrated below). 


Water-Damaged 
Roman Candle Tube 


Roman Candle Comet 
Jams in the Tube 


High Pressure Builds 
below the Comet 


When the separation distance between spectators and 
the placement of Roman candles is less than the dis- 
tance the projectiles from the candles can travel, it is 
appropriate to consider measures to ensure the safety 
of those spectators. One method is to secure the Ro- 
man candles in such a way that they cannot become re- 
positioned in the event of an explosive malfunction of 
acandle. This might be accomplished by mounting the 
Roman candles ina very strong holder of some type. 


As an alternative method, it is often relatively easy to 
barricade the candles in some way. Two examples are 
shown below. In the first case, the Roman candles 
have been attached to a relatively strong wooden 
frame and then positioned such that the support frame 
is between the candles and the spectators. 


In this way, in the event of an explosive malfunction of 
an attached Roman candle, the remainder of that can- 
dle (or other candles that might become redirected) is 
mostly precluded from becoming aimed toward spec- 
tators. In the second example (shown farther below), 
the collection of Roman candles has been even more 
securely positioned by attaching their frame to the 
side of a mortar rack, on the side of the rack away 
from spectators. 


Usually, the explosive malfunction of a Roman can- 
dle tube is not especially violent, but there have been, 
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on rare occasions, explosive malfunctions that have 
been devastatingly powerful, such that their metal 
support structures were shattered, and spectators were 
killed or seriously injured by flying fragments. The 
use of metal structures to support display fireworks is 
prohibited in some jurisdictions in an effort to avoid 
such disasters. 


ROMAN FUSE - See spolette. 


RONDELLE SHELL and RONDEL SHELL See aerial 
shell name and description (specific). 


ROOM TEMPERATURE -— See ambient. 


ROOT MEAN SQUARED — (Abbreviated RMS) — The 
root mean square of a set of values is the square root 
of the average (i.e., mean) of the squares of the origi- 
nal set of values. It is common for some values to be 
stated as RMS values; for example, in the US, the 
standard AC voltage used in homes is 117 volts RMS. 


ROSE (fireworks) — See aerial shell name and descrip- 
tion (specific). 


ROSETTE SHELL — (Also raggetta shell, from the Ital- 
ian for rays) — An aerial shell containing coarsely- 
granulated, fuel-rich flash powder (traditionally 
based on potassium chlorate). The powder is typically 
bound with wheat paste into granules taking the form 
of smooth, relatively dust-free, spheroidal grains 
about 0.12 inch (3 mm) in diameter or larger. The re- 
sulting finished composition is dried and loaded, 
without a Black Powder or other bursting charge, into 
a weak casing, which may only be lightly strung (i.e., 
spiked). The effect is a substantial explosion, dispers- 
ing bright aluminum sparks. It is similar to, but per- 
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haps more attractive than, a titanium salute. This ef- 
fect is of Italian origin and today has been largely re- 
placed with titanium salutes, which are easier and 
safer to manufacture. 


Three formulations for the flash powders used in ro- 
sette shells are presented below. 


Formulation —| Parts by Weight 
Ingredient | (3) 


a) Bound with wheat paste with the composition forming a 
thick paste before granulating. 


1) de Francisco, 1950. 2 and 3) Hardt, 2001. 
ROSIN — [processed biological product, approximately 
Ci9H29 COOH] {CAS 8050-09-7} — (Also colophony, 
Greek pitch or gum rosin) 


Rosin is the solid resinous material originally ob- 
tained from the resinous exudates of various species 
of conifers (e.g., Pinus sp.) when the more volatile 
constituents were distilled off to produce turpentine, 
valued as a solvent and medium in traditional oil 
paints. Today, most rosin is produced from Tall Oil, a 
waste product of the kraft process for converting co- 
niferous trees into wood-pulp for the manufacture of 
paper. Some rosin is also extracted from the stumps 
of felled conifers. Rosin is occasionally used in pyro- 
technic compositions as a binder and fuel. It typically 
consists of yellow or amber lumps demonstrating 
brittle fracture, but darker-colored material, ranging 
from reddish-brown to almost black, may also be en- 
countered. Some specimens are odorless; others have 
a slight pine-tree odor. 


Rosin is primarily composed of abietic acid {CAS 
514-10-3}, its isomers and their anhydrides. 


Health information: TLV has not been established by 
the ACGIH or by OSHA. Both groups have established 
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limits for nuisance dusts. The OSHA PEL/TWA for 
nuisance dusts is: total dust, 10 mg/m’; respirable 
dust, 5 mg/m*. The handling of solid rosin is ex- 
pected to be a low hazard. Some individuals can be- 
come sensitized to rosin, and subsequent exposure 
then results in unpleasant allergic reactions. 


Properties: Rosin varies according to the source and 
method of manufacture. A typical density is 1.08 
g/cm>. Rosin melts readily on heating (70 to 140 °C), 
and, on further heating, gives off flammable vapors. 
It is insoluble in water, but dissolves in about 8 times 
its weight of ethanol. Common yellow rosin is more 
easily powdered than shellac, but the powder tends to 
agglomerate on standing. 


In_ fireworks: The French pyrotechnist Paul Tessier 
(1816—unknown) commented that rosin had been lit- 
tle used in fireworks, and he could not explain this 
neglect of a highly flammable material that was both 
abundant and economical. Examples of his lance com- 
positions containing rosin are presented below. For- 
mulations 1 to 5 are for red, aurora (orange-yellow), 
yellow, blue and pink lances (Tessier, 1859). Formu- 
lation 2 is unusual in that is includes deliquescent so- 
dium chlorate as the oxidizer and flame color-agent. 
It would be subject to deterioration by absorption of 
atmospheric moisture. Formulations 3, 4 and 5 are 
unacceptably dangerous by modern standards as they 
contain both potassium chlorate and sulfur. 


Formulation —| Parts by Weight 
dete 
Potass LS nd 20. [24 1130]. 8 


Tessier claimed that rosin was safe to use with chlo- 
rates, which is perhaps surprising in light of the acid- 
ic nature of rosin. It is understandable in so far as the 
organic acids present in rosin are very much weaker 
acids than chloric acid, and thus would not liberate 
chloric acid from its salts. 
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Shimizu noted several things about rosin. It contains 
proportionally more carbon and less oxygen than 
shellac, and consequently produces a bright flame 
that interferes with the production of color. Unlike 
shellac, rosin is incombustible in the solid or liquid 
states and only burns when vaporized. Rosin is con- 
sequently used only as a partial substitute for shellac. 


The Japanese product known as Combustion Agent BL 
and the American product known as Vinsol resin are 
different from common rosin, despite their being de- 
rived from pine-tree resin. The differences are con- 
sistent with common rosin being predominantly com- 
posed of abietic acid and its isomers, with the other 
products containing more of the corresponding anhy- 
drides. 


Treatment of rosin with calctum hydroxide yields cal- 
cium resinate {CAS 9007-13-0}, a yellowish-white 
neutral powder that has been used as a pyrotechnic 
binder. It consists predominantly of the calcium salts 
of the organic acids in rosin. 

ROTATIONAL MOTION — Movement that is principally 
about an axis through an object’s center of gravity. 
This motion is commonly described as spinning or 
possibly whirling. 


ROTTER TEST — Sce impact sensitiveness test. 

ROUGH POWDER - See powder type. 

ROUGH BLACK POWDER - See Black Powder. 

ROUND (small arms) — (Also complete round) — All of 
the parts that make up the ammunition necessary to fire 
one shot. It also means one shot fired from a weapon. 


ROUND CAP - See foy cap. 


ROUNDEL SHELL — See aerial shell name and de- 
scription (specific) (rondelle shell). 


ROUND SHELL (fireworks) — See spherical aerial shell. 


ROUND STAR — See star manufacturing (fireworks) 
(rolled star). 


ROYAL DEMOLITION EXPLOSIVE — See hexahydro- 
1,3,5-trinitro-1,3,5-triazine. 


RRS — Abbreviation for the Reaction Research Society. 


RSO — Abbreviation forrange safety officer. See safety 
monitor. 
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RSPA — Abbreviation for Research and Special Pro- 
grams Administration, the former name for Pipeline 
and Hazardous Material Safety Administration, in- 
volved with processing EX numbers. 


RTG — An abbreviation for Ready To Go, commonly 
used to describe pyrotechnic special effect preloads. 


RUBBER BULLET — See baton round. 


RUBBER GLASS — A clear silicone product made to 
appear as broken glass fragments, but which has no 
ability to produce injuries such as lacerations (which 
are still possible when using breakaway resin). Ex- 
amples of shards and small fragments of rubber glass 
are shown below. 


RUBBING ALCOHOL — See 2-propanol. 
RUNNING FUSE — See fuse powder. 


RUNWAY — Any surface designated for the takeoff and 
landing operations of aircraft, such as boost gliders. 


RUPTURE DISK — (Also burst disk, burst plate or 
blowout disk) — A thin (often metal) diaphragm de- 
signed to burst at a predetermined pressure differen- 
tial. Sometimes a rupture disk is used as a self- 
actuating valve. 


RUSSIAN POWDER - See Wiener powder. 
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S — Symbol for second (time unit). 


(s) — Indicates that a substance in a chemical equation is 
a solid state, for example H2Os) means solid water 
(i.e., ice). 


S — The symbol for entropy, thermal conductivity and 
the chemical element su/fur. 


AS — Symbol for the change in entropy. 
SAA — Abbreviation for small-arms ammunition. 


SAAMI - See Sporting Arms and Ammunition Manu- 
facturers’ Institute. 


SABOT — A device fitted around or behind a projectile 
in a gun barrel or launch tube; it ensures the correct 
central positioning of the projectile in the barrel, and 
in some cases, it also prevents the escape of gas 
around a projectile that is smaller than the bore diam- 
eter of the barrel. 


SACCHARUM LACTIS — See lactose monohydrate. 


SAETTINE — (Also saittene, siattine or siatene) — 
(Based on the Italian saetta for ‘arrow’ and ‘flash of 
lightning’.) — An exploding aerial shell insert, similar 
in its effect to a shot or small report. 


One traditional Italian design of a saettine uses only a 
few turns of kraft paper around a small diameter (typ- 
ically wooden) case former. The end of the case is 
closed by folding and pasting the kraft paper over it- 
self. After the casing is removed from the former, a 
thin, chipboard liner is usually inserted to stiffen the 
case (and to ensure that all casings are the same 
length). Next, an ample amount of flash powder is 
added (but not so much as to fill the case to the top). 
A length of stiff black match is then inserted in the 
top end of the casing, and a compacted layer of saw- 
dust or bran completes the filling of the case. Finally, 
the top end of the casing is closed by folding and 
pasting the remaining kraft paper over itself, with the 
black match passing through the closure. End disks 
may occasionally be used under the folded kraft pa- 
per to aid in making an effective closure of the ends 
of the casing. Also, a minimal amount of end-over- 
end stringing (spiking) may be used. The completed 
device (shown below) is lightweight, and if made 
correctly, produces a very loud report, in spite of its 
weak case. 
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The time delay in the unit’s operation is provided by 
the black match burning through the compressed 
sawdust or bran. This achieves a burn rate intermedi- 
ate between the burn rate of quick match and that of 
black match. 


Originally these devices were loaded with dark report 
composition and were described as bomba all’oscuro 
(Italian for ‘dark bomb’). The dark report composi- 
tion that was commonly used (De Francesco, 1950) is 
presented below. This composition is quite sensitive 
to accidental ignition from friction and must be han- 
dled with extreme care. 


Ingredient Parts by Weight 


After aluminum-based flash powder came into com- 
mon use, these devices became flash reports. 


SAFE — Many dictionaries define safe as something 
that is free of risk of mishap or error. Since no activity 
engaged in by human-kind is “free of all possible risk 
of mishap or error’, by such a dictionary definition, 
nothing is safe. 


In hazard management, something is considered safe 
when its associated risks have been determined and 
found to be sufficiently low as to be generally ac- 
ceptable. 


SAFE AND ARM — Two states of a firing system. In the 
safe state, the system may either be totally inactive, 
or it may be capable of circuit testing, but it is not ca- 
pable of firing. In the armed state, the system is fully 
capable of firing. 


SAFE AND SANE (fireworks) — A term applied to a 
movement in the United States called ‘Safe and Sane 
Fourth of July’, which began in 1904 and advocated the 
prohibition of fireworks. The movement was success- 
ful in Cleveland in 1908 and soon spread to other cities. 
From the mid-1950s, the term Safe and Sane began to 
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be applied, in the US, to designate certain types of con- 
sumer fireworks that do not explode, fly about or pro- 
duce an aerial display. It was thought that these types 
of consumer fireworks were safer than other types. 
The choice of the name implied that other types of 
fireworks were unsafe and their use not merely, im- 
prudent but insane. Safe and sane fireworks usually 
include fountains, specialty items, smoke devices, 
sparklers, small wheels, ground spinners and snap- 
pers. Exactly what qualifies as safe and sane can vary 
depending on the state or other political jurisdiction. 


SAFE CURRENT — (Also maximum test current) — The 
electric current level at which it is safe to test an elec- 
tric igniter without causing its ignition. For electric 
matches, the maximum test current allowed in the US 
is 0.05 ampere or 20% of the no-fire current, which- 
ever is less. (See firing current.) 


SAFETY AREA (fireworks) — See display site. 


SAFETY CAP (fireworks) — (Also fuse cover) — A tube 
of heavy paper that is closed at one end and intended 
to be fitted over the bare black match or other delay 
element (often a length of thick visco fuse) at the end 
of the quick match of an aerial shell leader or other 
device. A coiled aerial shell leader (upper) as it 
would be supplied on a shell, as well as the end of the 
shell leader with the safety cap (red) removed in prep- 
aration for firing the shell (lower) are shown below. 


pi 
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The safety cap serves to protect the delay element from 
accidental ignition and damage. In a manually-fired 
firework display, it is removed by the shooter immedi- 
ately before ignition of the shell or other device. 


SAFETY CLASS EXPLOSIVES — A term sometimes 
applied to explosives in Hazard Division 1.4, Com- 
patibility Group S. The nature of these explosives, 
and/or their packaging, ensures that the hazardous ef- 
fects arising from accidental initiation of the explo- 
Sives are extremely limited. Also, all blast or projec- 
tion effects resulting from such an initiation do not 
significantly hinder the ability of fire-fighting or other 
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emergency response efforts in their immediate vicini- 


ty. 


SAFETY CRITICAL — Describes an operational pa- 
rameter or component of a system that, if the parame- 
ter is allowed to go out of range or if the component 
fails, could result in a catastrophic failure of the sys- 
tem with the potential for substantial injury to per- 
sons or a major loss of property. 


SAFETY DIAPHRAGM -— See rupture disk. 


SAFETY DISTANCE — See separation distance (amateur 
rocketry), separation distance (consumer fireworks), 
separation distance (display fireworks) or separation 
distance (proximate audience), and quantity distance. 


SAFETY DISTANCE, EXPLOSIVE — The distance from 
an explosives storage magazine to other explosives 
storage magazines, buildings or public traffic routes 
that is required to provide a substantial degree of 
safety in the event of an accident in an explosives 
magazine. The type and quantity of explosives being 
stored is of primary importance in establishing the 
required safety distance. There are two main types of 
safe distances: 


e The minimum distance required between individual 
explosives storage magazines. 


e The minimum distance required between an explo- 
sives storage magazine or a collection of magazines 
and an inhabited building, place of public assembly 
and public traffic. 


See quantity-distance table. 


SAFETY EQUIPMENT (general) — In addition to per- 
sonal protective equipment, laboratory and manufac- 
turing areas for pyrotechnics need to provide addi- 
tional equipment for safe operations. Some examples 
of such equipment are discussed below; in each case, 
the specific safety requirements 
of an operation must be consid- 
ered, and the appropriate safety 
equipment must be provided. 


eye-wash station — In work 
areas where there is potential for 
harmful or irritating material to 
get into a worker’s eyes, some 
form of eye wash station must be 
available. An inexpensive ex- 
ample of an eye wash station is 
shown at the right. This simply 
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consists of a liter bottle of sterile saline solution (with 
a small amount of preservative) that can be used to 
flush harmful material from one’s eyes. 


safety shower — Near 
work areas with the po- 
tential for a rapidly devel- 
oping fire (such as when 
working with pyrotech- 
nics), it is appropriate to 
provide a safety shower to 
allow a worker to extin- 
guish and cool body parts 
that have sustained a burn 
injury. An example of a 
safety shower is shown at 
the right. The shower is 
activated by simply pull- 
ing down on the large, 
easy-to-grasp metal ring. 


4, 
U 


In work areas with the potential for hazardous chemi- 
cal spills (especially caustic and toxic liquids) a safety 
shower will also allow a worker to flush his or her 
clothing and person as needed. 


ESD conductive equipment — In work areas with 
potential for an electrostatic discharge (ESD) that 
could result in an accidental ignition of materials or 
devices, proper conductive equipment is needed. 
Typically, this will consist of ESD conductive work 
surfaces and personnel ESD grounding equipment. 
An ESD conductive mat, used as a work surface at a 
workstation, is shown below (upper). Below that 
(left) is a close-up of the electrical connection leading 
from the mat to ground. Also, shown (right) is one 
method to complete the control of potential ESD 
events. This is a Wrist-Stat™ being worn by a worker 
for personal ESD grounding. 
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If on occasion, equipment or instruments powered by 
line voltage are used at a workstation, there is a po- 
tential for electrocution caused by a possible equip- 
ment malfunction. In such cases, it is appropriate that 
the work surface and personnel grounding paths be 
high resistance. This will allow electrostatic charges 
to bleed-off quickly but will not provide a ready path 
for electric currents from line voltage faults that 
could result in a worker’s electrocution. 


safety shield — (Also operational shield) — A barrier 
around a machine or process for the protection of a 
person (e.g., the operator) or for controlling the 
spread of an accident from one area to another. Safety 
shields are designed to protect from thermal, pressure 
and fragmentation hazards resulting from an explo- 
sion or fire. 


Two safety shields are shown below. The one on the 
left is a lightweight personal shield with a Lexan™ 
window to allow the operator to view the work. This 
shield will help to keep a small flash of fire and low 
mass fragments away from the face and body of the 
operator. The safety shield on the right is a much 
more substantial steel shield and is intended to protect 
the operator and nearby equipment in the event that 
the closed bomb in the calorimeter was to explode. 


SAFETY EQUIPMENT (proximate audience) — Any 
items and devices useful or necessary to provide rea- 
sonable safety in venues in which proximate audience 
pyrotechnics are used. This is in addition to any re- 
quired personal protective equipment. 


Foremost in safety equip- 
ment are fire extinguishers 
and a person immediately 
present who knows how to 
use them. A_ pressurized- 
water extinguisher, de- 
scribed as a type A extin- 
guisher, which is suitable 
for ordinary combustibles 
(e.g., paper and wood) and 
ideal for pyrotechnic mate- 
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rials is shown at the right (on the left). The other one 
(on the right) is a dry chemical extinguisher, described 
as a type ABC extinguisher, which is suitable for ordi- 
nary combustibles plus flammable liquids and electri- 
cal fires, but it is ineffective for pyrotechnic materials 
once they have been ignited. 


Provision for secure storage 
of pyrotechnic materials is 
another important aspect of 
providing an appropriate 
level of safety. In the US, it 
is required that a lockable 
room be provided for the 
use of the pyrotechnician 
for preparation of materials. 
It is also appropriate (and 
for some materials, neces- 
sary) to provide for indoor 
magazine storage. Exam- 
ples of indoor magazines 
are shown at the right. 


Warning signs (such as those shown below) can be 
reasonably effective in keeping performers and stage 
crew members separated from pyrotechnic devices 
before and during their use. 


Another useful form of signage is barrier tape, such 
as shown below (left), which can be used to surround 
and/or flag pyrotechnic devices. A very useful addi- 
tional measure, especially for dangerous items, can 
be the use of warning lights, such as the flashing red 
strobe light (shown on the right). 


=e 


SAFETY FIRECRACKER — See firecracker, safety. 
SAFETY FLARE — See fusee (signal). 


SAFETY FUSE — A term commonly applied to either of 
two substantially different types of fuse. 
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In blasting: The term safety fuse is properly applied 
to blasting safety fuse because it is an internally- 
burning fuse (see fuse type), making it very resistant 
to side ignition; it has a reliable burn rate and is highly 
moisture resistant. Accordingly, it offered a great im- 
provement in safety when first introduced into blasting 
operations by William Bickford (1774-1834) in Eng- 
land in 1831, especially in wet conditions and for op- 
erations conducted underground. (The fuse may be 
described as Bickford fuse.) 


In fireworks: The term safety fuse is applied to visco 
fuse on fireworks even though it is not internally 
burning. This is because it is reasonably resistant to 
side ignition and has a much more reliable burn rate 
than Chinese tissue-paper fuse, which was commonly 
used in the past. Thus, visco fuse offered a substantial 
improvement in safety when it was introduced into 
consumer fireworks early in the 20" century. In the 
US and Europe, although the use of visco fuse is not 
specifically required, most consumer fireworks are 
required to be provided with a type of fuse having the 
general characteristics of visco fuse. 


SAFETY FUSEE — See match, fusee. 


SAFETY GLASSES and SAFETY GOGGLES — See per- 


sonal protective equipment. 


SAFETY HIERARCHY - A prioritized series of 


measures that can be employed to provide for the 
safety of workers and the public. All levels of the 
safety hierarchy need to be considered and imple- 
mented, to the extent possible, as needed. 


The first (i.e., highest priority) level: If possible, elim- 


inate the hazard entirely. 


With explosives, this is not possible for all the workers 
all of the time, for example, some workers must di- 
rectly handle the explosive materials. It is usually 
possible to achieve this goal for those workers whose 
assigned tasks can be performed with no need to have 
contact with or proximity to explosives. 


The second level: To the extent possible, reduce the 
hazard or the exposure to the hazard. 


With explosives, the hazard will be reduced if the 
quantity of explosives is reduced. For example, at a 
manufacturing site, only have enough explosive ma- 
terial in the immediate work area to perform the task 
at hand. Certainly, do not have all of the material pre- 
sent that will be needed for an entire workday. Have 
additional material delivered to workers as it is needed 
and remove completed items. Also, separate workers 
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such that any single accident will likely be relatively 
small (i.e., will only involve a limited quantity of ex- 
plosives) and will involve only one worker (or a very 
small number of workers). 


With explosives, the exposure to a hazard can be re- 
duced by separating workers from explosives when- 
ever possible either by distance or a physical barrier. 
For example, on a firework display site, keep the car- 
go doors closed on the truck loaded with fireworks 
and do not have the truck in the immediate work area 
while setting up and loading the mortars. At a manu- 
facturing site, work remotely or use a safety barrier 
or safety shield (see safety equipment) to reduce the 
extent of a worker’s exposure. 


The third level: Thoroughly train and instruct workers 
about the hazards they may face in the context of 
their employment and how to manage those hazards 
effectively. Workers need to know the full range of 
hazards to which they may be exposed. 


In the explosives and pyrotechnics industries, this in- 
cludes all the usual workplace hazards plus fire and 
explosion hazards as well as chemical and toxic haz- 
ards. For each hazard, workers need to know the 
measures they must take to mitigate the hazard. This 
will normally require strict compliance with standard 
operating procedures as set out in written work in- 
structions. 


The fourth level: Post all needed warnings and direc- 
tions at the various workstations. 


In large measure, this serves the important function 
of reinforcing the third level of the safety hierarchy, 
by constantly reminding workers of their training. 


The fifth level: Provide the workers with the neces- 
sary safety equipment and personal protective equip- 
ment and train the workers in its proper use. 


This is the last measure in this prioritized list only 
because it is better to eliminate hazards rather than to 
rely on safety and personal protective equipment, 
which can only provide limited protection to person- 
nel. This equipment is the final line of defense and 
will not fully protect a worker from all possible harm. 
The avoidance of all accidents can never be relied 
upon; thus the use of safety and personal protective 
equipment will help reduce the harm to workers in 
case of an accident. 


SAFETY MATCH — See match, safety. 


SAFETY MONITOR - (Also range safety officer) — A 
knowledgeable person performing the safety function 
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of observing an activity and taking corrective measures 
as needed. 


In fireworks: There are three categories of safety 
monitors at a firework display. One is the spotter, 
who observes the display watching for dud aerial 
shells and for debris falling outside the established 
fallout area of the display site. Another category of 
safety monitor are crowd-control monitors, who act 
as security people to help prevent spectators from in- 
vading the secured area of a display site. The most 
important safety monitor is the display operator, who 
has the overall responsibly for the safe setting up and 
performance of the display and for clearing the site 
afterwards. 


In rocketry: The range safety officer (RSO) is a par- 
ticularly knowledgeable and experienced person pre- 
sent at a rocket launch site or competition. This per- 
son (and any assistants) is assigned the responsibility 
of confirming that rockets are in compliance with re- 
quirements and that safety measures are in effect. 


SAFETY NAZI — Jargon for a person thought to be 


overly concermed with safety to the point of eliminat- 
ing the enjoyment of a hobby-related activity (e.g., 
amateur rocketry and the use of consumer fireworks). 
It is someone who feels the safety codes do not go far 
enough in preventing injuries, irrespective of evi- 
dence of a good safety record of the activity. The use 
of the term may well be considered objectionable, as 
it equates the relatively minor evil of discouraging or 
preventing a pleasant pastime with the grossly evil 
deeds that were committed by real Nazis. 


SAFETY RATING FOR CHEMICAL — See hazard rat- 


ings for chemical. 


SAFETY SHELTER (fireworks) — A structure that pro- 


vides protection for the crew firing an electrically- 
discharged firework display. While the provision of a 
safety shelter is always a good idea, in the US, there 
are times when it is compulsory. A safety shelter is 
required for an electrically-fired firework display 
from a barge; it is also required for an electrically- 
fired firework display from a limited access site (e.g., 
a roof top) when the firing crew cannot be located at 
least 75 feet (23 m) away from the discharge area. 


The minimum requirement for a safety shelter, in the 
US, is that it has at least three sides and a roof and be 
constructed of at least %4-inch (19-mm) plywood. 
While such a shelter is useful, it must not be assumed 
that it will provide complete protection from the di- 
rect impact of even a relatively small caliber aerial 
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display shell. A series of high frame rate images of a 
3-inch (75-mm) spherical shell impacting a sheet of 
%4-inch plywood (backed on its edges with 2x4 lum- 
ber) placed 8 feet (2.4 m) above the muzzle of the 
mortar is shown below. 


In the first image (upper left) the shell (yellow arrow) 
has just contacted the plywood and has started to en- 
flame. The second and third images are 0.2 and 0.4 ms 
after the impact. The fourth, fifth and sixth images are 
10, 20 and 30 ms after the impact. Clearly even this 
3-inch (75-mm) shell, although destroyed in the pro- 
cess, has easily penetrated the plywood. 


In other testing, it was demonstrated that covering the 
plywood with thin sheet metal (0.024-inch, 0.6-mm, 
steel) and angling the front of the shelter 45 degrees 
to the expected impact provided a high level of pene- 
tration resistance for shells as large as 6 inches (150 
mm). One test is documented below in a series of 
high frame rate images. In the first image (left most) 
the 6-inch (150-mm) shell (yellow arrow) has just en- 
tered the field of view. In the second image the shell 
has struck the barrier and has begun to crush. In the 
third image the shell has completely crushed and is 
sliding up the barrier. Not seen in the images, the 
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shell’s contents did ignite as it slid further up the bar- 
rier, but nothing penetrated the barrier. 


Anexample ofa safety shelter designed with a sloping 
front is shown below. A stand of scaffolding forms 
the basic framework for the structure. It has aluminum 
catwalks for a roof, %-inch (19-mm) plywood as its 
walls and a sheet-metal covered plywood deflector 
front. The shelter can be erected (or disassembled) in 
just a few minutes and stores compactly for transpor- 
tation. 


oe - s * = = 


An additional level of protection can be achieved by 
using some of the mortar racks themselves as addi- 
tional barricading. This is illustrated below. 


Partially -Tipped 


Mortars Fire 
Over the Top 
Safety of the Safety 
Shelter Shelter 
with Front Fully-Tipped 
at 45° Angle Mortars Fire 
into Row of 


Smaller 


i 


Row of —__ 
Smallest Mortars 


If the smallest racks are placed nearest the safety 
shelter, then, if larger racks of mortars should tip over 
or become damaged by a mortar explosion, one of 
two things will most likely happen. One possibility is 
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that those larger racks (or mortars) will only partially 
tip over, such that if any shells fire from them, the 
shells will pass over the top of the shelter. Another 
possibility is that those larger racks will tip more or 
less completely over, such that any shells firing from 
them will hit the smaller mortar racks before reaching 
the safety shelter. 


SAFETY SHIELD and SAFETY SHOWER -— See safety 
equipment. 


SAFETY SHROUD - See shroud, safety. 


SAFETY STANDARD - A set of precautions specifying 
safe practices to be used in the manufacture, transporta- 
tion, handling and use of explosives and pyrotechnics. 


SAFETY ZONE (fireworks) — The immediate area(s) 
around the discharge site(s) and any staging area(s) 
that are to be free and clear of any spectator areas, 
occupied buildings or parking lots, open roads or wa- 
ters. The safety zone is secured and monitored during 
the setup, performance and clearing the site of a fire- 
work display. This area is not necessarily the same as 
the fallout area, although debris may fall into the 
safety zone. 


SAFING — An action taken to render a pyrotechnic or 
explosive device incapable of unintentional firing. 


SAINT LOUIS ARCH — Describes a rocket malfunction 
(1.e., a prang) when its flight trajectory follows that 
of an arch and named for the famous arch monument 
in Saint Louis, Missouri. 


SAINT-ROBERT’S LAW — See Vieille equation. 
SAITTINE — Sce saettine. 


SALAMI SHELL (fireworks) — Jargon for a cylindrical 
multibreak aerial shell having many breaks (perhaps 
five or more). Because of the extra mass and length 
of these shells, it is necessary for them to be fired 
from mortars that have extra strength (commonly 
steel mortars) and extra length. 


SAL AMMONIAC — See ammonium chloride. 


SALICYLATE ION — [(C7Hs03)] — 
The anion of salicylic acid (2- 
hydroxy-benzoic acid), which has a 
charge of negative one: 


Salicylates of potassium and sodium 
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are among the few pyrotechnic fuels used in making 
whistle compositions. 


SAL PRUNELLA — Potassium nitrate that has been 
melted and cast into blocks. The melting process pro- 
duced some potassium nitrite, which imparted a de- 
sirable pink color to meat preserved with sal prunella. 


SALT, CHEMICAL — Traditionally, an ionically-bound 
crystalline solid formed as the product of an acid- 
base neutralization reaction. Table salt (sodium chlo- 
ride [NaCl]), formed in the neutralization of hydro- 
chloric acid [HCI] with sodium hydroxide [NaOH], is 
one example of the general category of salts. A few 
of the many examples of salts used in pyrotechnics 
include potassium nitrate [KNO3], barium nitrate 
[Ba(NO3)2], potassium chlorate [KCIO3], potassium 
perchlorate [KClO.4], ammonium _ perchlorate 
[NH4C10,] and strontium sulfate [SrSOs]. 


Recently, chemists have expanded the definition of 
salt to include any chemical compound consisting of 
an assembly of cations and anions (see ion). This new 
definition includes all chemicals from the earlier def- 
inition plus many more, such as oxides and sulfides. 


metal salt — A chemical salt with a metal as the cat- 
ion. Metal salts of copper, sodium, strontium and bar- 
jum are commonly used as color agents to produce 
colored flames in pyrotechnics. 


SALTING OUT — See coacervation. 
SALT OF TARTAR — See potassium carbonate. 
SALTPETER and SALTPETRE — See potassium nitrate. 


SALT, TABLE — A common name for sodium chloride 
(i.e., table salt). See salt, chemical. 


SALUTE (noun) — (Also maroon) — A firework device 
designed to explode violently to produce a loud 
sound. A salute may range in size from a relatively 
small firecracker-like device to a large aerial shell de- 
signed to be fired from a mortar. 


The powder charge in a salute is generically de- 
scribed as salute powder. Most commonly this is a 
type of flash powder, producing a bright flash of light 
when the salute explodes. When the salute powder 
contains relatively large granules of titanium metal, 
to produce white sparks when the salute explodes, the 
device will usually be referred to as a titanium salute. 
Some salute powders are specifically formulated not 
to produce the bright flash of light characteristic of 
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flash powder. These salutes may be described as dark 
salutes. For a range of formulations for flash pow- 
ders, see flash powder type (firework flash powder). 


The distinction between a firecracker and a salute is 
not clearly defined, especially for relatively small de- 
vices. As a rule, a firecracker is characterized as hav- 
ing a relatively small powder charge and an abun- 
dance of paper in its casing. For firecrackers in the 
US, the ratio of paper to powder is approximately 10 
to 1. For salutes, the comparative mass of paper is 
much less, with paper to powder ratios equal to (or 
even less than) | to 1. This difference is illustrated 
below in cross section for a common firecracker 
(above) and a military M-80 (below). 


c Crimp Closure Fuse 


12 Paper Casing 


Powder Charge 


<— Fuse 
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End Disk 
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In the past, in the media and in the popular vernacu- 
lar, it was common for no distinction to be made be- 
tween firecrackers and salutes. 


Consumer firework salute (aerial): It is common for 


some multiple-tube devices and Roman candles to 
discharge relatively small exploding devices into the 
air. Because these devices are expected to be used at 
a reasonable distance from people, in the US, they 
can contain a greater charge of powder (130 mg) than 
are ground devices (50 mg). 


Consumer firework salute (ground): A wide variety of 


ground salutes were legal for consumer use in some 
parts of the US until they were banned nationally by 
the Child Protection Act of 1966. Examples of these, 
once common, but now illegal, salutes are shown be- 
low, and they include cherry bombs (left), M-80s 
(middle) and silver salutes (right). 
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Cannon crackers might also be considered ground sa- 
lutes, although cannon crackers are not always re- 
ferred to as salutes. 


These (now illegal) salute devices were usually made 
from a cardboard tube having both ends blocked with 
a paper end plug held in place by an adhesive. The 
tube was fitted with a fuse, either on the side of the 
tube (i.e., side-fused) or on the end (i.e., end-fused). 
Typically, the devices contained 1 to 2 grams of 
powder, which is 20 to 40 times the current limit (i.e., 
50 mg) allowed in the US for a ground-functioning 
consumer firework exploding devices. 


To a limited extent, these types of devices (and con- 
siderably larger ones sometimes referred to as an M- 
100, M-200 and even M-1000) are still sold illegally 
to US consumers. (See exploding fireworks, illegal 
US.) In assessing the legality of one of these suspect 
salutes, it is essential that an experienced person open 
the device and measure the amount of powder it con- 
tains. This is because several devices are sold that 
have the appearance of the now-banned salutes, but 
they only contain the US legal amount of powder. 
(See exploding fireworks (US), legal look-alike.) 


Display firework salute (aerial): An aerial display sa- 
lute is a type of aerial shell containing only salute 
powder and producing a loud noise (i.e., report) with 
very little visual effect other than a bright flash of 
light (and smoke). One type of aerial display salute is 
constructed as illustrated below in cross section, 
without its outer paper wrap (and possible spiking), 
lift charge and leader fuse. 
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A salute has much the same external appearance as a 
shell containing only stars (i.e., a star shell) or other 
non-salute effects. Although historically, aerial sa- 
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lutes were almost always cylindrical in shape, many 
salutes, especially those from China, are now manu- 
factured with spherical casings, as shown below. 


If the salute is the only effect of the shell, it may be 
described as a salute or occasionally as a straight-fire 
salute. The latter terminology is intended to empha- 
size the fact that the entire effect is that of a salute. 
This is opposed to a shell producing multiple effects, 
such as a shell containing number of smaller internal 
salutes, which may be described more broadly as a 
salute shell. 


In the US, the maximum size of a salute is commonly 
limited to 3 inches (75 mm) in diameter and length 
for general use, and 5 inches (125 mm) in diameter 
and length with some additional restrictions on its 
use. By the UN standard, such large salutes are 
classed HD 1.1G, where HD = Hazard Division, see 
explosives, classification of. 


Display firework salute (ground): A relatively large 


salute designed to perform essentially at ground lev- 
el. The device is made like an aerial salute, but with- 
out a lift charge. For safety, to prevent materials from 
the ground surface (such as stones) being dangerous- 
ly propelled by the explosion, it is important to sus- 
pend ground salutes at least a few feet (about a me- 
ter) above the ground. An example of the firing of a 
suspended ground salute is shown below as a series 
of video frames. 


Photo Credit: Eldon Hershberger 
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In the first image (left), the salute (A) is hanging from 
a support frame (B). The next frame in the video re- 
cording was skipped, because it was completely 
white (i.e., the camera was totally overwhelmed by 
the flash of light). In the next video frame (center), a 
small amount of the flash persists and is illuminating 
the smoke that was produced. In the last video frame 
(right), all that remains is the cloud of smoke, which 
will continue to expand and drift away over the next 
several seconds. 


In contrast, an example of the firing of a suspended 
titanium salute is shown below as a series of video 
frames. 


Photo Credit: Eldon Hershberger 


In the first image (top, left), the titanium salute (A) is 
hanging from a support frame. The next frame in the 
video recording was skipped, because it was com- 
pletely white (i.e., the camera was totally over- 
whelmed by the flash of light). In the next video 
frame (top, right), a significant amount of the flash 
persists, but it is accompanied by the brilliance of the 
spray of burning titanium sparks. In the last video 
frame (lower), the titanium sparks continue to spread, 
with the cloud of smoke barely visible in the center 
of the spray of sparks. The burning sparks persist for 
approximately another second. 


In the US, the maximum commonly allowed size of a 
ground salute is 3 inches (75 mm) in diameter or 
length, with salute powder content of no more than 
2.5 ounces (71 g). By the UN standard, such large sa- 
lutes are classed HD 1.1G, where HD = Hazard Divi- 
sion (see explosives, classification of). 


SALUTE (verb) — The act of honoring an event or a 


person with a series of explosions produced by guns, 


Page 1065 


cannons or other means. Salute, as a noun, may also 
be used to describe the event itself. 


SALUTE CASING -— A strong casing, almost universally 
made of paper, that strongly confines the charge of 
salute powder, which is usually a type of flash powder. 
The strong confinement increases the blast pressure 
(i.e., the sound pressure level) of the salute when it 
explodes. Examples of paper casings for cylindrical 
salutes are shown below. These tubes typically have 
walls that are at least twice as thick as tubes that 
might be used for star shells. 


SALUTE, DARK — See salute powder and aerial shell 
name and description (specific). 


SALUTE POWDER - The pyrotechnic composition 
used as the exclusive filling in a salute and similar 
powerfully-exploding items such as hell inserts (e.g., 
saettine and shots). The most commonly used salute 
powder is one of the energetic flash powders based 
on a metal fuel (usually aluminum). The combination 
of high reaction temperatures and refractory reaction 
products results in the bright flash of light associated 
with flash powder. For a range of formulations for 
flash powders, see flash powder type (firework flash 
powder). 


Non-flash powders are also occasionally used in sa- 
lutes. These compositions include Black Powder, as 
well as benzoate and salicylate-based powders (i.e., 
whistle compositions). Occasionally, more so in the 
past, even sensitive mixtures of antimony(III]) sulfide 
and potassium chlorate have been used. 


SALUTE SHELL (fireworks) —An aerial shell that is ei- 
ther a salute (possibly described as a straight-fire sa- 
lute) or a shell containing one or more internal sa- 
lutes, as inserts (possibly in addition to other effects). 
The internal salutes may be described as saettine, 
shots or reports. If the salute shell only contains sa- 
lutes, it is may be described as an artillery shell. If 
the salute shell contains both salutes and other in- 
serts, it may be described as a component shell. If the 
salute powder contains titanium granules to produce 
white sparks after the salute explodes the salute may 
be described as a titanium salute. 
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In the US, the size of an internal salute is commonly 
limited to 3 inches (75 mm) in diameter and length, 
and with a salute powder content of not more than 3 
ounces (85 g). An exception to this limit is the bottom 
shot of a multibreak aerial shell, which is commonly 
limited to 5 inches in diameter and length. 


SALUTE SPARK SPREAD — The extent of spark spread 
from an explosion depends on the degree of violence 
of the explosion and the size and density of the spark 
particles involved. In fireworks, the explosions are 
most commonly produced by salutes ranging in size 
from about 4 to 3 inches (13 to 75 mm) in diameter. 
The spark particles are almost universally composed 
of sponge titanium in the range from 10 to about 60 
mesh. Aluminum flake (or coarse flitter aluminum) 
may be used for spark production, but it will not pro- 
duce as wide of a spread of sparks as sponge titani- 
um, because of its aerodynamic properties (i.e., its 
low ballistic coefficient). 


Small explosions (e.g., small salutes) cannot propel 
spark particles as far as large explosions can. This is 
especially so for large (i.e., more massive) spark par- 
ticles, which require a greater force to be accelerated 
to high velocities than do small particles. Once in 
motion, larger particles are slowed more gradually by 
aerodynamic drag (due to their greater ballistic coef- 
ficient) than are small particles. 


The burn time for spark particles is a function of their 
size (assuming they are not so large that they fail to 
ignite), with small spark particles being consumed 
faster than large particles. Accordingly, even if small 
particles are accelerated to velocities that would al- 
low them to spread widely, they may be fully con- 
sumed before they can travel that distance. 


A somewhat related consideration has to do with the 
overall aesthetics of the spark effect. A wide, dense 
spread of sparks is preferred. A compromise is re- 
quired because for a given percentage weight of 
spark particles in the salute powder, the larger the 
particles are, the fewer of them will there be (1.e., the 
number of sparks produced will be less for large par- 
ticles than for small). 


Where 20 to 40 mesh titanium might be preferred for 
a 1-inch (25-mm) shot, 10 to 20 mesh titanium would 
be more appropriate for a larger salute. The best over- 
all effect, considering both spark-spread and density, 
can often be achieved by using a mixture of titanium 
particle sizes. For example, even with modest size sa- 
lutes (1% to 3 inches, 38 to 75 mm) a substantial per- 
centage of relatively coarse titanium sponge (10 to 20 
mesh) improves the diameter and duration of the 
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spark effect. If a sufficient quantity of fine titanium 
(20 to 30 mesh) is also included, a greater spark den- 
sity is achieved without substantially diminishing the 
perceived spark spread and duration. 


Some of the factors discussed above are demonstrat- 
ed in the three relatively small exploding salutes 
shown below. The salutes are identical except for the 
mesh size and mass of sponge titanium they contain. 
Each photograph captures the same 85-foot (26-m) 
horizontal width. The salute in the upper photograph 
contains 3% of 40 to 50 mesh titanium; the salute in 
the middle photograph has 5% of 20 to 30 mesh tita- 
nium; and the salute in the lower photograph has 8% 
of 12 to 16 mesh titanium. 


40-50 Mesh 


20-30 Mesh 


It is readily seen that the maximum spread of the 
sparks is a function of the titanium particle size. Also, 
obvious is that smaller titanium particles produce a 
denser display of sparks, especially considering how 
much less (by weight) was used in the salute powder. 
A comparison of spark spread as a function of salute 
size is presented in the bar graph below. In this case, 
the large salutes contained 1.25 ounces (35 g) of flash 
powder, whereas the small salutes only contained 
0.12 ounce (3.5 g) of the same flash powder. 
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Note: 1 meter is approximately equal to 3 feet. 


It is readily seen that larger salutes have a greater 
ability to spread the titanium sparks, especially for 
larger titanium particles. 


SALUTE (US), ILLEGAL — See exploding fireworks 
(US), illegal. 


SALUTING POWDER -— See Black Powder grade. 
SALVO, FIREWORK -— See barrage, firework. 


SAMPLE (statistics) — A group of observations selected 
from a statistical population by a defined procedure. 


SAND BOX -— See mortar trough. 


SAND MORTAR or SAND RAM - (Also lifting mortar) — 
A device used in special effects, consisting of a metal 
pipe from which sand or other material is forcefully 
expelled by a Black Powder charge. A sand mortar 
may be either single- or double-ended and is typically 
used as the driving force in simulated explosions. Ex- 
amples of the construction of sand mortars are illus- 
trated below in cross section. 


Black 
Powder 
Bomb 


Firing Wires ~ 


Steel 


Mortar Sand 


A single-ended sand mortar (upper illustration) may 
be mounted in the trunk or under the hood of a car 
and used to hurl the trunk lid or hood open and pro- 
ject it high into the air as the fireball from the simu- 
lated explosion occurs. A double-ended unit may be 
mounted on the front seat of the car with both sides 
fired simultaneously. This can result in both car doors 
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being blown open (and/or off) as the fireball from the 
simulated explosion occurs. 


On occasion, the sand may be soaked with gasoline 
to produce a flash of fire and, if needed, to conceal 
the expelled sand. 


SAND TEST — See explosive output test. 


SANTOSIL™ — A trade name for a type of colloidal 
silica. 


SARAN™ RESIN — See polyvinylidene chloride. 


SATURATED SOLUTION — A solution in which no ad- 
ditional solute can be dissolved. The solubility of a 
substance tends to increase with temperature. Thus, a 
solution that is saturated at one temperature will likely 
not be saturated at a higher temperature and may be- 
come super-saturated at a lower temperature. 


SATURN SHELL (fireworks) — A pattern shell with a 
single ring of stars on the periphery and with a dense 
spherical core of stars. It is a type of ring shell that is 
in essence a double-petalled aerial shell, which pre- 
sents a display reminiscent of the planet Saturn. 
These shells are sometimes described as ring and 
planet shells. Two examples of the effect produced 
by such a shell are shown below, with differing ori- 
entations with respect to the observer. 


Photo Credits: Eldon Hershberger 


The inner petal represents the planet, and the outer 
petal is a single ring of tailed stars representing the 
planet’s ring system. The stars that form the ring will 
usually be coated with a heavy layer of color change 
relay as their initial composition so that they will not 
begin to emit light and display sparks until they are 
some distance from the inner petals. 


SAUCISSON -— A serpent-like insert that is usually fired 
in groups from a single mortar to produce a firework 
mine effect. Like serpents, saucissons contain com- 
pacted force and spark composition and are choked in 
the manner of serpents. They differ from serpents in 


that they contain reports that perform at the end of 
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their burning. A formulation (Weingart, 1947) for the 
composition used in saucissons is presented below. 


Ingredient Parts by Weight 


In the past, the reports were produced by charges of 
loose granulated Black Powder. Since flash powder 
has become common, it is usually used to produce 
the reports. Saucissons were typically supplied pre- 
loaded into a paper mortar. 


The name saucisson is derived from the French term 
for a dry-filled sausage. The term was used by mili- 
tary engineers in the distant past for a type of fuse 
that consisted of a long tube of cloth or leather, filled 
with Black Powder and used to ignite other explosive 
devices. 


SAUCISSON SHELL — See firework name and descrip- 
tion (historical) (saucisson). 


SAUSAGE — A charge or con- 
tainer of explosives with an 
appearance somewhat like 
the shape of a sausage. 


In blasting: A sausage is a 
plastic tube (1.e., bag) filled 
with explosives, especially 
useful for charging a wet 
bore hole. An example of & 
this is shown to the right. & 
(in the UK, these are 
known as ‘pills’ and are the 
standard form for car- 
tridged explosives used in 
quarries.) 


In fireworks: A long, cylin- 
drical, multibreak aerial 
shell (1.e., one having many 
breaks) may be described as a sausage (or a salami 
shell). Two examples of this are shown below. 


Photo credit: 
Austin Explosives 
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Photo credit: Davis, 1943 


SAW MATCH — Abbreviation for strike-anywhere 
match. 


SAXIFRAGINE — (Also Wynants’ powder or Newton’s 
powder) — A blasting powder based on barium ni- 
trate. The powder, with the formulation given below, 
was developed in the 1860s by Belgian artillery cap- 
tain M. S. de Wynants. This powder was granted a 
patent (British, 1,084) in 1862 under the name of 
Newton, who was evidently Wynants’ British patent 
agent. At the time, foreigners could not obtain a British 
patent directly. 


gredient 


sac 


Among the advantages claimed for the new powder 
were that it was slower and at the same time more 
powerful than Black Powder. This permitted the use 
of shallower and more widely-spaced bore-holes so 
that the rock was broken into pieces rather than being 
pulverized by the explosion. The powder was at least 
as stable in storage as Black Powder and was less ex- 
pensive to manufacture. This was because in the mid- 
19" century sulfur was the most expensive compo- 
nent of Black Powder. Further, barium nitrate was 
readily available because it was an intermediate in a 
19" century process for the conversion of Chile salt- 
peter (sodium nitrate) into potassium nitrate. Finally, 
Saxifragine was not explosive when fired in the open 
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air, thus it was less dangerous to manufacture, to 
transport, to store and to handle than Black Powder. 


Saxifragine was formed into grains in the same way 
as Black Powder and could be made in a conventional 
gunpowder mill. In 1868 it was being manufactured 
in Belgium. According to some 19" century authors, 
the grains of Saxifragine, while still moist, were 
dusted with mealed Black Powder to facilitate their 
ignition. Some references also state that Saxifragine 
contained sulfur, but the inclusion of sulfur was spe- 
cifically condemned by the inventor because it led to 
the formation of barium sulfate and reduced the vol- 
ume of gas produced by the explosive. 


SAXON — (Also merry-go-round) — A firework device 


consisting of a tube that rotates about a centrally lo- 
cated pivot point (i.c., axle) to produce a circular 
shower of sparks, much like that from a small fire- 
work wheel. The origin of the term saxon for this de- 
vice is obscure. 


The driving ends of the saxon may be fused so that 
both fire at the same time or may do so sequentially. 
When fired sequentially, the second end to fire may 
be configured to continue rotation in the same direc- 
tion or to reverse the direction of rotation of the sax- 
on. Saxons are mounted on a supporting structure, of- 
ten a post, or when used in a firework display, possi- 
bly on a setpiece. While saxons are sometimes 
mounted in a horizontal position to produce an um- 
brella-like display of sparks, it is most common to 
mount saxons vertically as illustrated below. 


Axle 


Direction of 
Rotation——- 


Gerb-like 


Device ay hE haust 
xhaus 
Sprays of <<“ Vent 


Sparks ————> 


Saxons are charged with force and spark composi- 
tions in which materials such as steel, titanium and 
aluminum are included to produce the sparks. Some 
glitter compositions can also be used to make a very 
effective saxon; the size of the vent hole for a glitter 
composition usually needs to be somewhat larger 
than for conventional force and spark compositions. 
Clay is usually rammed into the center of the device 
to strengthen the area surrounding the axle. A saxon, 
in which the exhaust holes will spin the tube clock- 
wise, is illustrated below in cross section (fusing not 
included). 
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Clay Plug 
Tube Wall 


Pyrotechnic 
Composition 


SSRNG \() 
Repizams 2 


Exhaust Hole 


Some Chinese saxons have thin, flat casings attached 
to the outside of the main saxon case; these external 
casings contain color compositions that burn to pro- 
duce colorful concentric circles as the device spins. 


An example of a proximate audience saxon, shown 
below, as supplied (lower) and with its electric match 
wires unwound (upper). 


fers wth 


EXT \_) 


Taiended Yor oor Uae 


ex 


When this saxon operates, it begins with a simple 
spark-producing composition as its spinning comes up 
to speed (shown below in the top row of images). 


Then this saxon transitions to produce a microstar ef- 
fect (bottom row) with the delay of the flashing mi- 
crostars causing its effect diameter to increase to ap- 
proximately 12 feet (3.7 m). 


Saxons are available as consumer fireworks in vari- 
ous sizes and designs, although usually not by that 
name. For example, the saxon shown below is la- 
beled as a revolving wheel. This particular device is 
unusual in that it is loaded with a flowerpot type for- 
mulation. It produces large, scintillating, golden spur- 
fire sparks that are especially attractive when viewed 
from close proximity. 
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This same device also comes with a small stick with 
an end configured to act as an axel (in place of the 
nail). This makes the saxon a hand-held device, 
which facilitates the user in getting a close-up view 
of the delicate branching sparks. 


Sb — The symbol for the chemical element antimony. 
SCABBING — See spall. 
SCAB WIRE — See wire, electrical. 


SCALAR — Any physical quantity that can be described 
by asingle numerical value. A scalar quantity is distin- 
guished from a vector quantity by the fact that a scalar 
quantity possesses only magnitude, whereas a vector 
quantity possesses both magnitude and direction. 


SCALAR PRODUCT - (Also dot product, direct product 
or inner product) — A value that equals the product of 
the magnitude of any two vectors and the cosine of 
the angle between their positive directions. 


SCALAR VELOCITY — (Also speed) — The square root 
of the sum of the squares of the three orthogonal (i.e., 
perpendicular) components of a velocity vector. 


SCALE (device) — There are two meanings for this 
term. A scale may be a device that determines the 
weight of an object by indicating the mechanical 
force produced by the action of gravity on that object. 
A scale is not the same thing as a balance, which is a 
device for comparing the mass of an object with that 
of another object, or, usually, with the mass of a set 
of objects, each of which has a known mass. The 
word scale may also refer to that part of an analog 
measuring instrument that is provided with graduated 
markings to allow the output of the device to be read. 
The value of the measured quantity is given by (or 
calculated from) the number on the scale indicated by 
a movable element (such as a pointer), the position of 
which is determined by the output of the instrument 
during the measurement. 
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SCALE DATA — Drawings, photographs, dimensions and 
descriptions of a device (e.g., arocket). Scale data may 
be used to make a model larger or smaller but other- 
wise of very similar configuration and appearance. 


SCALED BLAST PARAMETER — An estimate of the 
blast effects of an explosion of a given mass of ex- 
plosive at a given distance, obtained from applying a 
scaling law to the effects known to be produced by a 
specific mass of explosive at a specific distance. 


SCALED DISTANCE — A factor that relates similar 
blast effects (e.g., air-blast pressure and air-blast im- 
pulse) from various size charges of the same explo- 
sive at different distances. The scaled distance pa- 
rameter is composed of the mass of the explosive and 
the distance from the charge where the effect is 
measured. Scaled distance is obtained by dividing the 
distance of interest by a fractional power (typically 
1/3, 1.e., the cube root) of the weight of explosive. 


SCALE PLAN — Instructions, diagrams and patterns for 
building a model of a device such as a model rocket. 


SCALING LAW (explosives) — A formula, based on 
scaled distance, which permits calculating some ex- 
plosive effect based on data obtained from a similar 
but different size charge at another distance. 


SCALPING — A screening process used to remove a 
small percentage of the coarsest material from a pow- 
der that is primarily much smaller in particle size. 


SCANNING ELECTRON MICROSCOPE -— (Abbreviated 
SEM) — An electronic instrument well-suited to the 
investigation of the structure and morphology of the 
small particles used in pyrotechnic compositions and 
their reaction products. The operation of a scanning 
electron microscope (SEM) can be described as fol- 
lows. An electron gun produces high-energy elec- 
trons that are focused and precisely directed toward a 
target specimen (typically in a high vacuum) as illus- 
trated farther below. 


One result of this primary electron bombardment of 
the atoms in the specimen is the production of low- 
energy secondary electrons. In one commonly used 
SEM mode, the secondary electrons are collected and 
used to generate an electronic signal. The amplitude 
of that signal is dependent on the nature and orienta- 
tion of the portion of the specimen being bombarded 
at any given time. The impinging electron beam is 
normally scanned (i.e., systematically moved over the 
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Electron Gun and Beam 
Control Elements 


Focused Beam of 
High Energy Electrons 


4— Secondary 
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\ Detector 
Secondary Electrons 


Specimen (Target) 


specimen in a rasterized pattern of parallel traces). 
This process is illustrated below. 


Secondary Electron 

Signals Used To 
Rasterized Electron Create an Image 
Beam Scans 


Specimen 


The secondary electron signal thus produced can then 
be used to create a television-like image of that por- 
tion of the specimen being scanned. Because the in- 
cident beam of electrons is highly focused and be- 
cause the pattern of scans across the specimen can be 
precisely controlled at a microscopic level, the image 
produced with an SEM has high spatial resolution 
and can produce a highly magnified view of the spec- 
imen (easily in excess of 20,000). 


Another desirable feature of an SEM is that the image 
produced has a much greater depth of field than is 
obtained with a light microscope. An even more use- 
ful feature, if the SEM has been fitted with the ability 
to perform X-ray energy dispersive spectroscopy 
(EDS), is that an analysis of the chemical elements in 
the specimen can readily be performed. 


One disadvantage of an SEM is that the images pro- 
duced are gray scale. Another potential disadvantage 
is that some explosive materials might conceivably 
be initiated by the electron beam if precautions are 
not taken. 
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Some of the external components of an SEM are 
shown below. The electron gun and beam control el- 
ements are in the tall structure (A) on the left. Access 
to the specimen chamber is through the round port 
(B) at the bottom of the structure. The EDS detector 
is kept at liquid-nitrogen temperatures by the Dewar 
flask (C). 


Some images (i.e., electron micrographs) produced 
using an SEM are shown below. The first electron 
micrograph below shows flake titanium, which was 
produced by reprocessing turnings from the machin- 
ing of titanium metal. The tool marks on the surface 
of the titanium particle are clearly visible. (50 um = 
0.002 inch) 


7 a 


The appearance of particles of potassium nitrate after 
ball milling is shown in the next electron micrograph. 
The particles have acquired smooth surfaces and 
well-rounded shapes during the milling process. (40 
uum = 0.0016 inch) 
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The appearance of the internal structure of a type of 
firework comet that on occasion exploded with great 
violence is shown in the next electron micrograph. 
Note the voids in the composition, which constituted 
potential fire paths penetrating the heart of the comet. 
(100 um = 0.004 inch) and greatly accelerated its burn 
rate. 


Four electron micrographs of lead splatters produced 
by the functioning of an electric match containing 
lead mono-nitro-resorcinate as one component in its 
formulation are shown below. The diameter of the 
splatters is approximately 10 um (0.0004 inch). 


Labo 
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SCARLET PHOSPHORUS - See phosphorus. 

SCATTERING COMET - See go getter. 

SCATTERING FLASHES (fireworks) -— See glitter effect. 

SCAVENGING — The removal of combustion products 
from the vicinity of combustion by the action of a 
high velocity gas stream. 


SCENTED SPARKLER - See sparkler. 


SCHENCK’S SCARLET PHOSPHORUS — See phos- 
phorus (scarlet phosphorus). 


SCHULTZE’S POWDER - See powder type. 
SCIENTIFIC UNIT-— See unit, scientific. 
SCINTILETTES — A name formerly used in the UK for 


Senko-hanabi. Shown below is an example from the 
1930s. 


Photo Credit: Steve Allison 


SCINTILLATING (fireworks) — A term that normally 
refers to an effect that relies on a distinct secondary 
reaction of a spark as it moves through the air to pro- 
duce a sudden increase in light output. This is often a 
spur-fire or branching spark effect. Only a few metals 
somewhat predictably scintillate; these include iron, 
magnalium, titanium and, under some circumstances, 
aluminum. 


Although the term scintillating is rarely used when 


describing a glitter effect, it can be considered that 
glitter and firefly effects scintillate. The term is usual- 
ly not applied to strobe effects. 


Encyclopedic Dictionary of Pyrotechnics 


SCOOP (rocketry) — See air scoop. 


SCORIA — The somewhat porous slag or dross that 
forms a chimney of residue on some flares during 
burning. It also refers to a low-density porous rock, 
commonly formed by volcanoes. 


SCR — Abbreviation for silicon-controlled rectifier, 
such as might be used to control the output of electric 
current in a firing unit. 


SCRAMBLING COMET - See go getter and French split. 
SCRATCH MIX — See Black Powder. 


SCREECHER — (Also croaker) — A pyrotechnic whistle 
made to produce an especially raspy sound. This is 
accomplished either by fitting the whistle with a clay 
choke much like the nozzle of a typical firework 
rocket or alternatively by forming the compacted 
whistle composition with a central cavity similar to 
the propellant grain of a core-burning rocket. In a 
screecher, the distorted whistling sound is the result 
of instability arising from the acoustic oscillations in- 
terfering with one another. Because of the vigorous 
burning of whistle composition combined with either 
the constriction of the choke or the added burming 
surface of the open core, screechers are near the point 
of transitioning from burning to exploding. 


This type of screeching whistle is used in some pest 
and predator control devices to improve their effec- 
tiveness. 

SCREEN — See sieve. 

SCREEN ANALYSIS — See sieve analysis. 

SCREEN BARRICADE — See barricade. 

SCREEN BLINDING -— See sieve blinding. 

SCREEN FRACTION — See mesh fraction. 

SCREENING — See sieve (verb). 


SCREENING MEDIUM - See sieve medium. 


SCREEN MIXING or SCREEN METHOD - See mixing 
method (sieve method). 


SCREENING SMOKE — An obscuring smoke used for 
military purposes. Originally, screening smokes were 
only used to visibly obscure objects; it has since be- 
come necessary to include obscuration at other elec- 
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tromagnetic wavelengths such as infrared light and 
microwaves. 


Screening smokes, impenetrable by visible light, may 
be generated in several ways. Non-pyrotechnic 
smoke generation can be achieved by simply spray- 
ing mineral oil onto a hot surface, for example, by in- 
jecting oil into the hot exhaust pipe of the engine of a 
vehicle. Other non-pyrotechnic smokes can be pro- 
duced dispersing certain liquid chemicals (e.g., tita- 
mum(IV) chloride [TiCly — {CAS 7550-45-0}] or 
chlorosulfuric acid [HSO3Cl {CAS 7790-94-5}] into 
the air, where they react with atmospheric water va- 
por to produce thick clouds of hydrolysis products. 
Screening smokes have also been produced (typically 
on a relatively small scale) by burning white phos- 
phorus. Pyrotechnic generation of screening smokes 
has been achieved with mixtures (e.g., HC Smoke) 
that generate zinc chloride vapor. All these various 
screening smokes are noxious and some of them are 
highly corrosive. People likely to be exposed to such 
smokes should wear suitable protective equipment to 
prevent exposure of the skin to the smoke and to pre- 
vent its inhalation. 


Screening smokes impenetrable by both visible and 
infrared light have been produced by augmenting py- 
rotechnic smoke-generating compositions with ce- 
sium salts, which absorb in the infrared, as disclosed 
in European patent EP0106334 (A2) awarded in 1984 
to German inventor Manfred Weber. Another ap- 
proach to screening infrared or microwave wave ra- 
diation is to create a cloud of appropriately-sized 
brass flakes. This can be done by means of explosive 
charge arranged to burst a compressed mass of such 
flakes as disclosed in US Patent 4,704,966A, award- 
ed in 1987 to American inventors Leonard R. Sell- 
man, Janon F. Embury and Werner W. Beyth. 


SCRIPT (firework display) — See cue list. 
S CURVE -— See sigmoid curve. 
SDR — Abbreviation for standard dimensional ratio. 


SDT or SDTA-— Abbreviation for simultaneous differ- 
ential thermal analysis. 


SEAL BOMB - See pest and predator control device. 
SEALED FLIGHT CYLINDER — See flight cylinder. 
SEALED VESSEL — See closed bomb. 


SEALING DISK — See top disk. 
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SEALING WAX — A low-melting, somewhat hard, and 
usually red-colored material used from medieval times 
to affix official seals to documents and to seal letters. 
Originally sealing wax was a mixture of beeswax, 
Venice turpentine (a resin from the European larch 
tree) and red coloring matter (vermillion, i.e., mercu- 
ry(II) sulfide). Later, beeswax was replaced by shel- 
lac; various fillers such as chalk, magnesium carbonate 
and barium sulfate were included; and vermillion was 
sometimes replaced by lead(II,II,IV) oxide (red lead). 


Ignoring the obvious fire hazard, sealing wax was 
once used as an early form of hot-melt glue in the 
manufacture of pinwheels. Despite its somewhat sim- 
ilar appearance, the orange-red material coating the 
dubbed-in ends of certain British-style shop fireworks 
is not sealing wax. This dip is a much less costly 
mixture made from animal glue and lead(II,II,IV) ox- 
ide. Dip could be kept molten in a water-jacketed glue 
pot, and thus was far safer to use than sealing wax, 
which melts at a much higher temperature, tradition- 
ally provided by a naked flame. 


SECONDARY EXPLOSIVE and SECONDARY HIGH 
EXPLOSIVE — See high explosive. 


SECONDARY FLAME -— See exhaust plume, rocket. 


SECONDARY FLAME SUPPRESSANT — See flame 
suppressant, secondary. 


SECONDARY FRAGMENT — Fragments produced by 
an explosive device that are composed of the target 
materials (i.ec., materials other than those directly 
from the device itself). Secondary fragments are ei- 
ther produced by the blast force of an explosion or 
the result of the impact of primary fragments (i.e., 
those from the device itself). 


SECONDARY STANDARD - See calibration standard. 


SECOND LAW OF THERMODYNAMICS - See thermo- 
dynamics. 


SECTION — See cross-section. 


SECTIONAL DENSITY — The sectional density (SD) of 
an object is its mass (/) divided by the cross-sectional 
area (S) of the object in the direction of its motion. 


sp-" 
S 


Sectional density is a measure of an object’s ability to 
coast through a fluid. For objects having the same 
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initial velocity in the same fluid, an object with a 
higher sectional density will travel farther than will 
an object having a lower sectional density. For exam- 
ple, a stone can be thrown farther than a feather be- 
cause the stone has a much greater sectional density 
than does the feather. 


In fireworks: If an object has the same general shape 
as another, the sectional density of each object will 
depend on the density of the material from which the 
object is made. For example, steel has a much greater 
density than paper, fiberglass or HDPE. Everything 
else being equal, a steel object will have a greater 
sectional density than an object made of paper, fiber- 
glass or HDPE. Consequently, the fragments from an 
exploded steel mortar will travel much further than 
fragments of similar size and shape from an exploded 
paper, fiberglass or HDPE mortar. 


For another example, an aerial shell typically leaves 
its mortar traveling at approximately 200 miles per 
hour (320 km/hr), mostly independent of shell size. 
The greater sectional densities of large-caliber shells 
allow them to coast longer and reach higher altitudes 
than small-caliber shells. For example, the sectional 
density of a typical 12-inch (300-mm) spherical shell 
is approximately 3.6 times that of a typical 3-inch 
(75-mm) spherical shell. It is no coincidence that the 
ratio of sectional densities of the shells in this exam- 
ple is roughly the same as the ratio of average burst 
heights for these same shell sizes. 


SECURED AREA (fireworks) — The display site or area 
from which the public must be totally excluded dur- 
ing setup, performance and clearing the site of a 
firework display. In the US, most commonly the min- 
imum size of the secured area has a radius of 70 feet 
per inch of shell diameter (0.85 m/mm) for the largest 
aerial shell in the display. The fallout area (zone) will 
constitute a major portion of the secured area. 


SEDIMENTATION — A process used to separate particle 
sizes or materials by allowing them to settle through 
a fluid. This process can be accelerated using a labor- 
atory centrifuge. 


SEISMIC BLASTING — The use of explosive charges to 
produce a shock wave in the earth for the purpose of 
producing information regarding some underground 
geologic feature or structure. 


SEISMIC WAVE - See ground vibration. 


SEISMOGRAPH — An instrument used to measure and 
record the ground vibrations induced by blasting. 
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SELF-ACCELERATING REACTION TEMPERATURE — 
See thermal runaway temperature. 


SELF-CATALYZING REACTION — See autocatalytic 
reaction. 


SELF-CONFINEMENT - See inertial confinement. 


SELF-CONSUMING AERIAL SHELL CASING — See 
shell casing, aerial. 


SELF-CONSUMING FUSE — An externally burning fuse. 
See fuse type. 


SELF-DEFLAGRATION — A fast, self-sustained and 
self-contained exothermic reaction that propagates in 
a single substance at subsonic velocity. Self- 
deflagration contrasts with a detonation, in which the 
reaction propagates at supersonic velocities. Self- 
deflagration is exemplified in the burning or explosion 
of several substances, including nitrocellulose, ammo- 
nium perchlorate, cyclotetra-methylene tetranitramine 
and azodiformamide dinitrate. Depending on the cir- 
cumstances, self-deflagration can occur as rapid, con- 
trolled combustion (as in rocket propellants) or as very 
fast combustion that may be described as an explo- 
sion (e.g., as in the propellants used in ammunition). 


Materials capable of self-deflagration may also be 
capable of detonation; the conditions under which 
detonation takes place may vary greatly from one 
substance to another. 


SELF-HEATING — A rise in the temperature of a mate- 
rial as a result of an internal exothermic reaction. All 
pyrotechnic materials are self-heating, at least to 
some very slight extent. The result is that the temper- 
ature inside an amount of pyrotechnic composition is 
always very slightly above ambient temperature. (For 
an explanation of this, see thermal runaway tempera- 
ture.) For most pyrotechnic material, under most 
conditions, the rate of generation of heat by chemical 
reaction is equal to the loss of heat to the surround- 
ings and the internal temperature remains safely con- 
stant. When the external (i.e., ambient) temperature is 
high enough, or if the amount of material is great 
enough to preclude efficient heat transfer from the 
bulk material to the surroundings, the internal tem- 
perature is not stable and thermal runaway will occur. 


SELF-HEATING FOOD CAN — A container of food or 
beverage provided with a self-contained means for 
heating the contents to a temperature appropriate for 
human consumption. Pyrotechnically-heated food 
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cans were developed during World War II and were 
produced in very large numbers for the use of mili- 
tary personnel. 


The concept of fitting a food can with an integral 
source of chemically-generated heat was not new; the 
heat sources that had previously been proposed in- 
cluded both pyrotechnic (e.g., thermite) and non- 
pyrotechnic reactions. Examples of the latter are the 
exothermic reactions that occur when water is mixed 
with, for example, calcium chloride; or (much more 
effectively) with calcium oxide; and the exothermic 
electrochemical displacement reactions such as that 
between aluminum or magnesium with copper car- 
bonate, initiated when the mixture is dampened with 
water. None of these proposals had been brought to 
commercial prominence, so a research project was 
undertaken by the Scottish chemist Walter Anderson 
Caldwell (1900-1993) and his colleagues at Imperial 
Chemical Industries with the collaboration and en- 
couragement of canned food experts at H. J. Heinz & 
Co. Ltd. A schematic (cross section) of the device 
that they developed is illustrated below: 


Metal Press-in Cap 
Cardboard Disk 
Asbestos Wool Filter 
Igniter Fuse 


— Priming Composition 
ke Tin-plated Steel Can 
Heater Tube 

Heating Composition 


Asbestos Paper Lining 


Food 


Several technical problems had to be overcome. The 
too rapid heating of the heater tube, which would 
lead to scorching the adjacent food, was solved by 
providing an insulating layer of asbestos paper be- 
tween the composition and the metal tube. Emission 
of hot particles from the burning composition was 
prevented by placing a porous plug of asbestos wool 
at the top of the heater tube. This plug was separated 
from the composition by a sheet metal spacer, to pre- 
vent molten slag from reaching the filter and clog- 
ging it. Finally, a suitable fuse had to be developed. 
This consisted of several cotton strands coated with a 
mixture of Black Powder and nitrocellulose lacquer. 
The fuse was tipped with a bead of 7:3 lead(IL, ILIV) 
oxide and calcium silicide bonded with nitrocellulose 
lacquer. 
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The other pyrotechnic compositions used are presented 
below (McClain, 1980). Formulation 1 is the priming 
composition and formulation 2 is the heating compo- 
sition. 


Formulation — | Parts by Weight 
Ingredient 


The device was based on a standard one-pound 
(0.454-kg) soup can. With the self-heating unit in- 
stalled, the can held about 14 ounces (0.397 kg) of 
liquid. To heat the food, it was necessary first to 
pierce two holes in the lid, to prevent pressure build- 
up upon heating. Then, the central press-in cap was 
pried out, exposing the tip of the fuse. This was ignit- 
ed with a match or with a lighted cigarette. The tem- 
perature of the liquid in the can was raised by some 
55 °C (130 °F) in about 4 minutes; after which time 
the can was opened with a conventional can opener. 
The heater tube, being attached to the lid, was re- 
moved and discarded along with the lid. The hot con- 
tents of the can were then ready for consumption. 


The self-heating can was most effective with liquids 
such as soup or cocoa. Other canned foods, such as 
baked beans or Irish stew, had to be thinned well be- 
low their usual consistency, presumably to permit ad- 
equate convection currents to develop and distribute 
the heat throughout the food. Several million self- 
heating food cans were used by British and American 
troops, first in commando raids on the French coast 
and later during the D-day invasion of 1944. 


At the present time, there is much interest in self- 
heating beverage containers, but the favored technol- 
ogy seems to be exothermic hydration rather than py- 
rotechnic heating. The reasoning underlying this 
choice seems to be that devices that exploit the exo- 
thermic reactions between calcium compounds and 
water are more easily portrayed as safe and environ- 
mentally acceptable than are the more efficient pyro- 
technically-heated units. 


SELF-HEATING SUBSTANCE AND MIXTURE - Sce 


Globally Harmonized System of Classification and 
Labeling of Chemicals. 


SELF-IGNITION — See thermal runaway and sponta- 


neous ignition. 
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SELF-IGNITION TEMPERATURE — See thermal run- 
away temperature. 


SELF-LIGHTING CANDLE -— See candle, birthday cake 
(trick candle). 


SELF-LIGHTING INCENSE — See incense, self-lighting. 


SELF-PROPAGATING, HIGH-TEMPERATURE SYN- 
THESIS — (Abbreviated SHS) — (Also combustion 
synthesis) — A method of producing desired materials 
by acombustion reaction. More specifically, powdered 
precursor materials are mixed and ignited to cause a 
chemical reaction that propagates through the mix- 
ture, leaving the desired material as a reaction product. 


Goldschmidt reactions that produce metals from their 
oxides are early examples of SHS. Research into such 
reactions for producing refractory compounds (e.g., 
specialized ceramics) began in the early 1980s and 
revealed advantages over other methods of synthesis. 
The advantages included simplicity, the reduction of 
energy requirements, and in some cases, the ability to 
produce materials directly in the desired shapes. 


SHS methods have been used, for example, to pre- 
pare ceramic compounds such as titanium carbide 
and titanium boride by solid-solid reactions between 
the powdered elements. Titanium nitride has been 
produced by SHS from powdered titanium and sodium 
azide (the other product being gaseous sodium). Bar- 
ium ferrite for magnetic ceramics has been made by 
SHS from iron, iron(II) oxide and barium peroxide. 
Such reactions can be carried out in molds, leaving 
the product in the required shape, or an extrusion 
process can be applied to the reacting material. Solid- 
gas reactions have also been applied in SHS tech- 
niques. Examples are the production of refractory ox- 
ides and nitrides of titanium and zirconium by reac- 
tion of the powdered metal with the gaseous element. 


The interest in SHS technology is sufficient to sup- 
port the scholarly journal, the “International Journal 
of Self-Propagating High-Temperature Synthesis”. 
Scientific analysis of the processes involved in SHS 
is highly relevant to the understanding of the funda- 
mentals of pyrotechnic combustion. 


SELF-REACTIVE SUBSTANCE AND MIXTURE — See 
Globally Harmonized System of Classification and 
Labeling of Chemicals. 


SELF-SOLDERING, JOINTING SLEEVE -— See solder- 
ing, jointing sleeve, self-. 
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SEM — Abbreviation for scanning electron microscope 
and standard error of a mean (see statistic). 


SEM-EDS — Abbreviation for scanning electron mi- 
croscope (energy dispersive spectroscopy). 


SEMI-CONDUCTIVE HOSE — A hose with an electrical 
resistance high enough to limit the flow of stray elec- 
tric currents to safe levels, yet not so high as to pre- 
vent the safe drainage of static electric charges to 
ground. Air hose and any filling hose present in a py- 
rotechnic materials area should be semi-conductive, 
especially if electroexplosive devices are present. 


SEMI-METAL — See metalloid. 


SEMI-MONOCOQUE CONSTRUCTION (rocketry) — 
Similar to monocoque construction except that longi- 
tudinal members, as well as formers, are used to 
strengthen the structure. 


SEMI-SMOKELESS POWDER - See powder type. 


SEMTEX™ -— Trade name of the State-owned Czech 
company ‘Explosia’ for a class of general-purpose 
polymer-bonded, flexible (i.e., plastic) explosives 
used in a range of applications (e.g., commercial 
blasting, as explosive boosters and certain military 
applications). These uses are similar to the those of 
the American plastic explosive C-4 and the British 
equivalent PE-4. Semtex explosives are mixtures of 
RDX_  (hexahydro-1,3,5-trinitro-1,3,5-triazine) and 
PETN (pentaerythritol tetranitrate) bound with plasti- 
cized styrene-butadiene rubber and colored with a dye. 
Depending on the dye used, the colors of these explo- 
sives range from red to orange, and yellow to brown. 


Historical: The name Semtex is derived by combining 
the first syllables of the words ‘Semtin’ (a suburb of 
Pardubice, Czech Republic, where the explosive was 
first manufactured) and ‘explosive’. Early types of 
Semtex were developed from the late 1950s, but the 
widely-known, highly-flexible version, with a styrene- 
butadiene rubber binder, was developed in 1966 by a 
team led by Czech chemist Stanislav Brebera (1925- 
2012) in response to a requirement for such an explo- 
sive by the Communist side in the Vietnam War. 


After the end of the Vietnam War, surplus Semtex 
was exported to certain countries favored by the So- 
viet bloc. Subsequently, Semtex was used in bomb- 
ings by terrorists of various political persuasions. The 
export of Semtex was progressively tightened, and in 
1981, its export was restricted to member states of 
the Warsaw Pact. After the end of the Communist re- 
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gime in Czechoslovakia in 1989, the export of Semtex 
was temporarily banned, but since 1991, following the 
implementation of the Montreal Convention on mark- 
ing of plastic explosives for detection purposes, ex- 
ports were again permitted. In accordance with inter- 
national agreements, Semtex now has a detection 
taggant (DMDNB, 2,3-dimethyl]-2,3-dinitro-butane) 
added to produce a distinctive vapor signature to aid 
in its detection. 


SENKO-HANABI — (Also Japanese sparkler) — An his- 
torically traditional, but still popular, hand-held Japa- 
nese firework commonly used by children. It is a rel- 
atively small device that generates yellow-orange 
(golden) branching sparks (1.e., spur fire). These 
sparklers are quite different both in appearance and 
action from wire sparklers, in which the spark source 
is iron or steel powder. 


The Japanese word senko translates as incense stick 
(akin to the Chinese joss stick) and hanabi translates 
as firework (literally: fire flower). The slight resem- 
blance of senko-hanabi to incense sticks gives rise to 
the name. 


Manufacture: There are two basic ways of making 
senko-hanabi, and examples of products made by 
each method are shown below. 
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In the first method (the upper three items), the senko- 
hanabi composition is made into a paste with gluti- 
nous rice starch and water, then thin sticks of rush or 
straw are dipped into the slurry and dried in the sun. 
This original form of senko-hanabi is described as 
“subotebotan’, which translates as straw hand-peony. 


In the second method (the lower three items), approx- 
imately 90 milligrams of senko-hanabi composition 
is placed along approximately 4 of the length of a 
strip of brightly-colored Japanese tissue paper, typi- 
cally approximately 0.9 by 8 inches (23 by 200 mm). 
The strip of tissue paper is then twisted to secure the 
composition with the empty part of the twisted strip 
forming a handle. This form is known as “na- 
gatebotan”, which translates as long hand-peony. 


Two senko-hanabi formulations (Shimizu, 1981) are 
presented below; formulation (1) is typical and (2) is 
no longer used in Japan. 
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Formulation —| Parts by Weight 
Ingredient | ty) | 2) 


a) Oras an alternative, pine charcoal or pine soot. 


As implied in formulation 1, the proportions of sulfur 
and charcoal (or soot) must be optimized for each 
batch of composition. This is because charcoal and 
soot are highly variable in composition and different 
batches may have significantly different chemical 
and physical properties. Formulation 2, with arse- 
nic(II) sulfide in place of sulfur, is presented for his- 
torical interest. It is said to produce larger and more 
beautiful sparks accompanied by long smoke lines, 
but the toxicities of the composition and of its com- 
bustion products are not consistent with modern 
health and safety standards. 


Historical: Senko-hanabi were known in Japan during 
the Edo period (1603-1868), but a more specific date 
cannot be assigned. They were known in Europe be- 
fore 1864; in December of that year, German chemist 
August Wilhelm von Hofmann (1818-1892) demon- 
strated some specimens to the Chemical Society in 
London. They were referred to as ‘matches’ and were 
copies that Hofmann had made after analyzing spec- 
imens brought to England from Japan. 


f eartst Ving 
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In 1882 the French graphic artist, photographer and 
pyrotechnist Amédée Denisse (1827—??) described 
senko-hanabi in some detail. He wrote that they were 
sold in Paris by shops dealing in Japanese goods, 
commonly under the name ‘Japanese fires’ but also 
known as ‘Fulminating matches’, ‘Japanese Stars’, 
‘Magic Bouquets’, ‘Pinks’, and even ‘Italian Match- 
es’. Two illustrations from Denisse are included one 
above and one below. 
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Functioning: The performance of senko-hanabi is de- 
scribed by the Japanese as being divided into five pe- 
riods (Shimizu, 1981), as illustrated farther below. The 
two basic types of senko-hanabi (shown in the above 
photograph) perform in virtually the same way, with 
the significant difference that the paper variety is 
held vertically, with the portion containing the pyro- 
technic mixture lowermost, whereas the straw variety 
is held at an angle to the vertical with the end carrying 
the pyrotechnic mixture uppermost. In the latter case, 
the angle from the vertical must be sufficiently great 
to preclude the possibility of any burning material 
falling onto the hand. Preferably the burning item is 
held over a small bucket or a pan of water as a safety 
measure; the reacting ball of dross may drop off and 
could cause injury or damage. The birth (period 1), 
lasts 10 to 15 seconds. At first the device burns rather 
vigorously, leaving a somewhat elongated cinder. 
During infancy (periods 2), lasting 3 to 5 seconds, the 
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cinder contracts into a red-hot ball of molten dross 
that becomes brighter (i.e., hotter) as reactions within 
the dross droplet continue. 

2 


, | 
‘7 


During youth (period 3), lasting 7 to 15 seconds, 
large and delicately branching sparks begin to be pro- 
jected from the molten dross droplet. If the environ- 
ment is sufficiently quiet, each spark may be heard to 
make a characteristic crisp sizzling sound as it frag- 
ments into multiple branches. During middle age (pe- 
riod 4), lasting 7 to 15 seconds, the dross ball contin- 
ues to become hotter (i.e., brighter), but the sparks 
become smaller, are projected somewhat more fre- 
quently, and they tend not to branch. During old age 
(period 5), lasting 5 to 10 seconds, the temperature of 
the ball decreases, sparks are less frequent and even- 
tually stop. At the end of the performance, the re- 
maining residue typically drops off. 


a7 


An example of the appearance of a single senko- 
hanabi spark radiating (toward the left) from a station- 
ary ball of dross (red, on the right) is shown below. 
Typically, during its functioning, multiple branching 
sparks will occur at nearly the same time, as in illus- 
tration 4 above. 
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The image above is a photo-composite of 6 images 
spanning a time interval of 0.06 second and the 
branching occurred in approximately 0.02 second. The 
image is approximately full scale. Because of the low 
level of brightness, the image was adjusted to more 
clearly depict its physical appearance. Unfortunately, 
this made the branching spark appear more yellow 
and somewhat less delicate than in real life. 


Chemistry: Details of the chemistry involved in the 
senko-hanabi process are not entirely understood, but 
much has been revealed in studies by various Japanese 
scholars, beginning as long ago as 1927. More recently, 
Shimizu (1981) demonstrated that it is possible to 
produce the senko-hanabi effect with a mixture of po- 
tassium carbonate [K.CO3] or potassium hydroxide 
[KOH], sulfur [S] and pine charcoal in the proportions 
presented below (formulations 3 and 4, respectively). 


Formulation | Parts by Weight 
Ingredient | (3) 


Potassium carbonate 


a) Potassium hydroxide [KOH] {CAS 1310-58-3}. 


When the three components are melted in a porcelain 
crucible, they react to form a black, dough-like mass. 
When some of this product is picked up on a ni- 
chrome wire and quickly introduced into the flame of 
an alcohol lamp, it reacts further by bubbling and 
forming a red-hot molten ball of dross. This dross 
ball then projects large branching sparks with a range 
of about 7 inches (180 mm). The production of branch- 
ing continues even when the dross ball is taken out of 
the flame. The sparks generated in this way are even 
larger than those produced by conventional senko- 
hanabi. 


The reaction of potassium hydroxide or potassium 
carbonate with sulfur is known to produce a mixture 
of potassium polysulfides [K2S,]. The red-hot dross 
ball is mostly molten potassium polysulfide that is 
reacting with oxygen in the air. Presumably, the ejec- 


Page 1080 


tion of sparks is the result of the explosive release of 
pressure from gaseous combustion products accumu- 
lating in the melt; until very recently, the details of 
the processes involved were not known. 


A detailed investigation of the senko-hanabi phe- 
nomenon has now been reported (Inoue, 2017). This 
includes quantitative equations for the various pro- 
cesses involved, and graphical data showing good 
agreement between the predicted results and experi- 
mental measurements. The conclusions of this study 
can be summarized as follows: 


eUpon ignition of the composition, pyrotechnic 
reactions produce a glowing cinder that reacts with 
the oxygen of the air and melts, forming a red hot 
globule of molten dross that contains potassium 
carbonate, potassium sulfide, potassium disulfide and 
potassium polysulfide as well as some unreacted 
carbon. The globule clings to the supporting paper or 
straw by surface tension and slowly consumes it, 
moving up the support (if a paper senko-hanabi is 
involved) in the process. If a straw senko-hanabi is 
involved, the globule moves down the support. 
Pyrolysis of the organic matter from the support adds 
more carbon to the molten globule. At the surface of 
the globule, carbon and molten potassium sulfides 
react with oxygen in the air, causing the temperature 
to rise. Gaseous products accumulate in bubbles 
around nucleation sites in the globule. 


e At the surface of the globule, the bubbles burst and 
simultaneously eject tiny droplets, the temperature of 
which is limited to the melting point of potassium 
sulfate (i.e., 1342 K). 


e Decomposition of potassium carbonate above its 
melting point (1164 K) causes further growth of gas 
bubbles within each drop of molten dross. 


e Some gas bubbles grow so large that they distort the 
drop to such an extent that it fragments into smaller 
droplets. 


eThe process successively repeats itelf until the 
daughter droplets become so small that their rate loss 
of heat to the air equals the rate of heat generation 
provided by the surface reaction of carbon and 
potassium sulfides with oxygen in the air. At this 
stage the process comes to a halt.. 


Other applications: The senko-hanabi effect is put to 
good use in the senko-hanabi devices shown above, 
also in spur fire (or flowerpot) fountains, some 
lampblack effects, and likely in the production of the 
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glitter effect. A weak senko-hanabi effect can some- 
times be seen when a length of visco fuse is burned in 
a vertical position, which allows a reacting dross ball 
to form. It can also occur in the time fuse of an aerial 
shell and in the cinders left from burning black match 
or quick match. The possible unintentional creation 
of a hot cinder (i.e., dross ball) that suddenly erupts 
into a spray of sparks with the potential to ignite 
nearby material needs to be borne in mind whenever 
Black Powder-type compositions are being burned. 


SENSITISER — See sensitizer. 


SENSITIVENESS — Pyrotechnic and explosive sensi- 
tiveness can refer to either the tendency for undesira- 
ble chemical reactions (i.e., chemical sensitiveness) 
or the tendency for ignition or initiation as a result of 
a physical stimulus (i.e., physical sensitiveness). 


sensitivity vs. sensitiveness — In the US, it is 
common to use these two terms interchangeably. In 
much of the world, a distinction is made between the 
terms sensitivity and sensitiveness. The term sensitiv- 
ity is used in reference to the intentional ignition or 
initiation of a material or device by its designed (1.e., 
intended) means of ignition or initiation. In contrast, 
sensitiveness is used in reference to the potential for 
accidental (1.e., unintended) ignition or initiation of a 
material or device by whatever means. 


Sensitivity is often characterized as that level of a 
stimulus (such as impact, shock, flame, friction or 
electrostatic discharge) needed to ignite a pyrotechnic 
or initiate an explosive a stated percentage of time. In 
that context, the 100% ignition sensitivity of an elec- 
tric match is an electric current equaling (or exceed- 
ing) its all-fire current. 


Sensitiveness is often characterized as the probability 
that a pyrotechnic composition or device will be ig- 
nited, or an explosive initiated by a stated level of a 
specific stimulus. In that context, the impact sensi- 
tiveness of an electric match subjected to an impact 
energy (with steel on steel) of 5 J may be 50%. 


physical sensitiveness — Physical sensitiveness is 
an indication of the ease of ignition (for pyrotech- 
nics) or initiation (for high explosives) from a physical 
stimulus. Highly sensitive materials are easy, some- 
times too easy, to ignite or initiate. Sensitiveness is 
determined for a range of stimulus levels and for each 
of a variety of energy types (i.e., impact, friction, 
thermal and electrostatic). 


A material’s physical sensitiveness is a function of 
the activation energy requirement for its chemical re- 
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action. The characteristics of the material determine 
the efficiency with which different forms of energy 
are delivered into the material, so it is not possible to 
accurately predict one type of physical sensitiveness 
based on the measured sensitiveness for other types 
of energy, and sensitiveness to various physical stim- 
uli must be considered independently. 


chemical sensitiveness — Chemical sensitiveness is 
a qualitative measure of a material’s tendency to un- 
dergo an undesirable chemical reaction, under specific 
conditions, such as prolonged exposure to moisture 
and/or high temperature. 


An indication that undesirable chemical reactions are 
occurring can be the production of heat or gas (e.g., 
ammonia [NH3]). One example of chemical sensi- 
tiveness is the delayed reaction of aluminum in the 
presence of moisture. The following graph recorded 
the temperature of a small sample of atomized alumi- 
num in distilled water. The onset of the exothermic 
reaction was delayed by many days. 
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This particular reaction is thought to have been re- 
sponsible for the spontaneous ignition of some alu- 
minum-containing pyrotechnic compositions (espe- 
cially those combining both aluminum and a nitrate). 


There are many possible mechanisms for adverse 
chemical reactions. Some of these are discussed briefly 
in the entries hazardous chemical combinations, wa- 
ter-reactive material and spontaneous ignition. 


SENSITIVENESS, AIR-GAP — See air-gap sensitiveness. 


SENSITIVENESS TEST PROTOCOL — An explicit 
method for determining the likelihood of an ignition 
or initiation of an energetic material from a specific 
stimulus (e.g., impact, friction or electrostatic dis- 
charge). Many protocols are followed in performing 
the tests and in interpreting the results, three general 
types are described below: the 1-in-6 method, the 
Bruceton method and probit analysis. For general in- 
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formation about conducting sensitiveness testing, see 
ignition sensitiveness. 


1-in-6 method — The recommended UN method for 
both friction and impact are BAM methods using the 
l-in-6 approach. Tests are carried out to determine 
the lowest stimulus level that produces an ignition, 
while the next lower level fails to produce an ignition 
in a series of six trials. 


An initial trial is conducted at what is thought to be 
an appropriate stimulus level, and the result of that 
test (i.e., ignition or no ignition) determines the stim- 
ulus level for the next trial. Each test uses a fresh 
sample of material. If the initial test fails to ignite the 
material, a greater stimulus is used for the next trial, 
each time increasing the stimulus level until a posi- 
tive result (i.e., an ignition or explosion) is achieved. 


Once a positive event has been achieved, the next tri- 
al is attempted at a lower stimulus level. If an ignition 
is achieved, the stimulus level is again lowered. If no 
ignition is achieved, a series of further trials are at- 
tempted at that same stimulus level, until either there 
is no ignition in a set of 6 trials or there is an ignition. 
If six non-ignition trials occur, the testing is concluded. 
Ifan ignition occurs, the stimulus level is lowered, and 
the testing continues. In this way, the greatest stimu- 
lus level that fails to produce an ignition in a series of 
six trials will be found. In the UN protocol, the level 
above the one that produces a set of six non-ignition 
events is described as the limiting load in a friction 
test and the limiting impact energy in the impact test. 


Asan example of the 1-in-6 method, a set of impact test 
data for a pyrotechnic composition is presented below. 


The series of trials was started with an impactor (also 
described as a drop hammer or fall hammer) mass of 
5 kg and at a drop height of 200 mm. In this, and the 
two following trials at progressively lower stimulus 
levels, an ignition occurs and is recorded as X. Then 
at the next lower stimulus level (1 kg mass at 400 mm), 
no ignition occurred during the first 4 trials at this 
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level, each recorded as O. On the fifth trial at this 
level, anignition occurred, necessitating a lowering of 
the stimulus level for subsequent trials. On the sec- 
ond trial at this lower level (1 kg mass at 300 mm), 
again an ignition occurred, which necessitated a fur- 
ther lowering of the stimulus level. At this next lower 
level (200 mm), there were six trials in which there 
were no ignitions, thus completing the needed trials. 


Inspection of the results finds that the limiting impact 
energy is 3 J, as there were no ignitions in the set of 
six tests at 2 J. Given the statistical nature of ignition, 
there is no guarantee that ignitions will never occur at 
2 J and perhaps even at lower energy levels. A similar 
methodology is used for the BAM friction test where 
the load on its force producing arm is varied through 
a series of arm weight changes. 


The statistical certainty with this form of test is not 
particularly great. For example, suppose that the 
probability of ignition is 1-in-12 at the limiting im- 
pact energy (3 J), does that sample produce a positive 
event? That depends on whether the positive event is 
in the first or the second set of six trials. Or, to put it 
another way, 50% of the time it will give a positive 
result at 3 J and 50% of the time it will not. So, how 
can the statistical certainty be improved? The simple 
answer is to carry out more tests, but this raises a fur- 
ther question: how many tests are necessary? 


In the NATO tests for military explosives (including 
pyrotechnics), the BAM method for friction and im- 
pact uses a 30-trial Bruceton method (discussed be- 
low) and the UK Rotter Impact and Rotary friction 
tests use a 50-trial Bruceton method (having been re- 
duced from the original 200-step Bruceton method). 


Bruceton method — (Also stair-step method) — This 
is an efficient test protocol to determine the stimulus 
level (i.e., impact height, Hso) resulting in a 50% 
probability of an ignition (or initiation). First, a start- 
ing stimulus for the testing is obtained in a short pre- 
test, which is conducted to determine two approxi- 
mate stimulus levels, one that predominantly produces 
ignitions and another that predominantly produces 
non-ignitions. Then, the starting stimulus for the full 
testing is chosen to be approximately midway be- 
tween these initial ignition and non-ignition levels. 
After the first trial, each sample receives a stimulus 
depending on the previous outcome. If the previous 
sample ignited, then the next stimulus level used 
moves down a step; if no ignition occurred, then the 
next stimulus level moves up a step. In this way, the 
stimulus levels used in the testing should be those in 
a narrow range producing approximately a 50% 
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probability of initiation of the material and (hopefully) 
no more than a few stimulus steps on either side. 


In Bruceton sensitiveness testing, the stimulus step 
sizes (i.e., the interval of increment or decrement) are 
all equal on some scale of values. An important dis- 
tinction is made depending on whether the stimulus 
scale being used is logarithmic or linear. This in turn 
depends on the type of stimulus (e.g., impact, friction 
or electrostatic discharge) and the protocol currently 
adopted in different countries. For example, both the 
BAM and Rotter impact methods (see impact sensi- 
tiveness test) use a logarithmic scale. Whereas, in the 
BAM friction method (see friction sensitiveness test, 
BAM), the stepping up or down is carried out on a 
linear scale. 


Using a logarithmic stimulus scale: The results of a 
30-step Bruceton impact test for a pyrotechnic com- 
position on a BAM impact machine using a 5-kg 
mass impactor (i.e., fall hammer or drop hammer) are 
presented below. The trials started with an impact 
height of 320 mm, with a non-ignition as the result 
(non-ignitions are recorded as O and ignitions are 
recorded as X). Because this initial trial was a non- 
ignition, the next trial used a greater impact height of 
350, then a trial at 400 mm, with both producing non- 
ignitions. Next, there was a trial at 450 mm that pro- 
duced an ignition, thus the following trial was per- 
formed with a lesser impact height of 400 mm. These 
results are reported in below and the process contin- 
ued for a total of 30 trials. 


Simple inspection of the data indicates that the 50% 
probability of initiation (Hs) lies somewhere be- 
tween a drop height of 350 and 400 mm. While this 
information is useful, a more definitive result will 
usually be calculated. Also, knowing the mass of the 
drop weight, the corresponding 50% positive reaction 
energy (£59) can be calculated. 


In the calculations that follow, the lowest drop height 
employed in the trials is assigned an initial (i) value 
of 0, and subsequent higher steps are assigned 7 val- 
ues of 1, 2, 3 etc. (the right most column in the above 
table). 
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To determine which of two equations to use in per- 
forming the calculations, the full set of test data are ex- 
amined to determine the total number of positive re- 
actions (i.e., ignitions or explosions, Ny) and the total 
number of negative reactions (i.e., non-ignitions, No): 


Ny = x ny 
No = = No 


Here n, and n, are the numbers of positive and nega- 
tive results (respectively) occurring at each stimulus 
level (two of the columns in the above table). The 
smaller of the two sets of results (ignitions or non- 
ignitions) is selected for use in the calculations; and, if 
the numbers are the same (i.e., Ny = No), then, by con- 
vention, the number of positive reactions is used in the 
calculations. For the data presented above, Ny = 13 
and No = 17; thus, the set of positive ignition results 
will be used in the calculations.) 


If Nx < No, the 50% drop height (Hs) is calculated 
from: 


log(H,, ) =log(c) + ou(a)| Ae-5 


Ny 


Whereas if Ny = No, then Hs is calculated from: 


log( Hs, ) = log(c)+ ou(a)| #24] 


oO 


Where: 


4-y[ Se - aod 


log(@) 


Here h; is the height for an ignition (or non-ignition), 
depending on which method is being used at the i” 
stimulus level; n; is the number of ignitions (or non- 
ignitions) occurring at the /; teve; c is the lowest drop 
height used for the material under test (and is neces- 
sarily the height at which no ignitions have oc- 
curred); and d is the stimulus step size (i.e., the inter- 
val of increment or decrement). For the BAM loga- 
rithmic method d = 0.05. (In determining the stimulus 
levels, take the log of the impact height for the cur- 
rent step, add (or subtract) 0.05 to get the next step up 
(or down) then take the anti-log and round to the 
nearest 10 mm.) 


The standard deviation (S) for the 50% impact height 
(50) is then calculated from: 


N-B-4 


5=1.620-10e(d)| 4 +0. 2] 
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Here N is either Ny or No depending on which was 
used in the calculation of Hs. The validity condition 
for the Bruceton procedure is: 


0.5< e < 2.0 
log(d) 


Performing the calculation on the data presented 
above gives a value of 378 mm for Hs9 and a standard 
deviation (S$) of 17.9 mm (i.e., a valid result). Know- 
ing the mass of the drop weight, the impact height 
can be transformed into a drop energy value. 


Using a linear stimulus scale: Results of a 30-step 
Bruceton impact test on a pyrotechnic composition 


are presented below. The test was carried out on a 
Bureau of Mines style of impact machine using a | kg 
mass impactor. The trials started with an impact 
height of 30 inches, with negative results (i.e., non- 
ignitions) recorded as O and positive results (i.e., ig- 
nitions) recorded as X. 


24 edt) 


Simple inspection of the data indicates that the 50% 
probability of initiation lies somewhere close to a drop 
height of 30 inches. While this information is useful, 
a more definitive result will usually be calculated. 


In the calculations that follow, the lowest drop height 
employed in the trials is assigned an initial (7) value of 
0, and subsequent higher steps are assigned i values of 
1, 2, 3 etc. (the right most column in the above table). 


To determine which equations to use in performing 
the calculations, the full set of test data are examined 
to determine the total number of positive reactions 
(1.e., ignitions or explosions) (Vy) and the total num- 
ber of negative reactions (i.e., non-ignitions) (No): 


Ny =n, 
N, =n, 


Here n, and n, are the number of positive and nega- 
tive results (respectively) occurring at each stimulus 
level (two of the columns in the above table). The 
smaller of the two sets of results (ignitions or non- 
ignitions) is selected for use in the calculations; if the 
numbers are the same (1.e., Ny = No), then either 
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number (for positive or negative) reactions may be 
used in the calculation. (For the data presented above, 
Nx = 15 and No = 15; thus, either set of ignition re- 
sults can be used in the calculations.) 


If Nx < No, the 50% drop height (Hs) is calculated 
from: 


Ha=crd{ 4-05) 
N. 


xX 


Whereas if Ny > No, then Hso is calculated from: 
Ha=crd{ +05) 
No 


Here, c is the lowest drop height used for the material 
under test (and is necessarily the height at which no 
ignitions have occurred), and d is the stimulus step 
size (i.e., the interval of increment or decrement), and: 


A= oy Ni 
The standard deviation (S) for the 50% impact height 
(Ho) is then calculated from: 


+ 0.029 


1.62-d((Ns-B)— 4”) 
S= ; 
Ns 
Where: 


Ba=DP oni 


Performing the calculations on the data presented 
above gives a value of 30.1 inches for Hsp and a 
standard deviation (S) of 5.2 inches. Knowing the 
mass of the drop weight, the impact height can be 
transformed into a drop energy value. 


probit analysis — In tests where there are two pos- 
sible results, the response to a varying stimulus typi- 
cally follows a sigmoid curve, when the probability 
of the response is plotted against the level of stimu- 
lus. Probit analysis transforms this sigmoid response 
curve into a straight line (illustrated below). 


1 


Probability —, 


Probit Line 


Probability of Event 
OA NWA ATDN OO OC 
Probit Number 


Level of Stimulation 
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The benefit of performing this translation is that, 
while determining the shape of the sigmoid curve 
(especially near its ends) requires collecting a large 
amount of data, using the probit method allows as- 
sessment over the whole probability range, using only 
a limited set of stimulus levels. 


When applied to an energetic material, the probit 
treatment of the data allows the estimation of the 
probability of ignition at any level of stimulus to be 
calculated. Other methods tend to find the stimulus 
required for a single (i.e., fixed) probability (e.g., the 
50% level by the Bruceton method). Probably, more 
importantly, the use of a probit analysis allows esti- 
mation of the stimulus level required for low (e.g., 
accident-type) probability, which none of the other 
methods provide. For example, two compositions 
may have the same stimulus level for a 50% probability 
of ignition, but one may have a substantially greater 
probability of initiation with a low stimulation level. 
This is found from the gradient (i.e., slope) of the 
probit line. 


As with other protocols, the question arises as to how 
many tests are necessary. Typically, a similar number 
of trials to that used for the Bruceton method (e.g., 30 
to 50) are used. If three different stimulus levels are 
used, then 16 tests could be performed at each stimu- 
lus level, provided that the levels are not such that 
they resulted in 0% or 100% of an event occurring. 
Similarly, if 4 stimulus levels are used then 12 trials 
could be performed at each level. 


A typical set of probit results is presented below. In 
this case, the probabilities are the number of positive 
results (e.g., ignitions) divided by 16 (which is the 
number of trials at each stimulus level). 


Drop No. of 
Height | Positive Probit 
(cm) | Results | Probability | Value 
‘ aay a % — a i = 


The probit transformation can be undertaken using 
tables (Finney, 1952). As an alternative, the conver- 
sion can be done using a spreadsheet (MS Excel) cal- 
culation, or very commonly by simply plotting the 
probability values on a sheet of probability paper. 


Taking the data set in the table above into a spread- 
sheet: with the first drop height entered into cell A2, 
the number of positive results entered into B2, and 
the probability entered into C2. Then the probit value, 
cell D2, would be calculated with the Excel formula 
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= NORMINV(C2,5,1). (This function returns the in- 
verse of the normal cumulative distribution for the 
specified mean and standard deviation.) In this case, 
the function’s argument ‘C2’ is the ‘Probability’ val- 
ue of 0.125, the ‘5’ specifies a mean of 5, and the ‘1’ 
specifies a standard deviation of 1. This gives the 
‘Probit Value’ of 3.850, which appears in cell ‘D2’. 
Similar calculations are performed using the proba- 
bility data in rows 3 and 4. 


These probit results are plotted below. 


y = 0.1574x - 1.1722 
R? = 0.9991 


10 


Probit Number 
oOo |= YOY WoO FO DN CO CO 


20 30 40 50 60 
Drop height 


Using the equation for the trend line, it is possible to 
calculate the drop height corresponding to any desired 
probability by reading the stimulus level correspond- 
ing to the appropriate probit number. Hence, for a 
50% probability of ignition (i.e., probit number 5), 
the drop height is 392 mm, and for a 17% probability, 
the drop height (equivalent to the height for the BAM 
limiting impact energy) is 332 mm. In considering 
the reliability of the probit results, both the R’ value 
of the regression line (in this case, 0.9991) and the 
extent to which the sought-for results are extrapolated 
away from the data points, should be considered. 


Knowing the mass of the drop weight, these impact 
heights can be transformed into their corresponding 
drop energies. Thus, for a 5 kg drop weight, the im- 
pact energies are 19.6 J and 15.6 J for the 50% prob- 
ability and the limiting load, respectively. 


The probit method can also be used with other types 
of sensitiveness testing (e.g., friction and electrostatic 
discharge). 


SENSITIVITY (electronic) — The minimum input signal 
change to which an instrument will respond. 
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SENSITIZER (explosive) — An ingredient in explosives 
that facilitates initiation and propagation of the reac- 
tion. 


SENSITIZER (industrial hygiene) — A chemical that 
produces little or no reaction when a person is initially 
exposed to it, but which can be expected to produce 
an allergic reaction in a significant number of people 
when they are repeatedly exposed to it. 


SEPARATION (rocketry) — The action of a section or 
companion body as it falls away or is cast off from 
the remaining vehicle. In a multistage rocket, separa- 
tion occurs when a lower stage has completed its 
burn and then separates from the upper portion of the 
rocket vehicle. Separation may also be unintended, as 
for example, in the disconnection between two rocket 
components, such as separation of the parachute from 
the rocket body, which results in failure of the recovery 
system. 


SEPARATION, AERODYNAMIC — A condition in which 
the air flow over an object is no longer attached to the 
object but instead takes the form of turbulent eddies 
and vortices. The separation may be caused by abrupt 
changes in direction of the airflow or increases in the 
angle of attack of an airfoil. In some cases, the air- 
flow may subsequently reattach itself to the object as 
conditions change. Whether airflow is attached or 
unattached can have a substantial effect on aerody- 
namic drag forces. 


SEPARATION DISTANCE (amateur rocketry) — (Also 
minimum personnel distance or safe standoff dis- 
tance) — The distance that must be maintained be- 
tween spectators and the launch pads of amateur 
rockets. Inthe US, minimum separation distances have 
been recommended by the National Association of 
Rocketry (NAR) and the Tripoli Rocketry Associa- 
tion (TRA). Two types of rockets are recognized by 
both organizations: simple or non-complex rockets, 
having a single commercially-manufactured motor; 
and complex rockets, having more than one commer- 
cially-manufactured motor. Complex rockets may be 
staged, clustered, or staged and clustered. In addition, 
the TRA recognizes a third category: research rockets, 
propelled by non-commercial motors complying with 
TRA specifications. 


Model rockets: This category includes rockets weigh- 
ing not more than 53 ounces (1500 grams) and pow- 
ered by motors each having an average thrust not 
more than 80 newtons, a total impulse of not more 
than 160 newton seconds (N:s) and each motor con- 
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taining not more than 2.2 ounces (62.5 g) of propel- 
lant. No model rocket may be propelled by a combi- 
nation of motors having more than 4.4 ounces (125 g) 
of combined propellant weight. 


For model rockets, the NAR requires a separation 
distance of: 15 feet (4.6 m) for the launch of a rocket 
with no more than 20 N's installed impulse (type 4 A 
up to type D motors); and 30 feet (9.1 m) for the 
launch of a rocket with more than 20 N s, but no 
more than 320 N‘s, installed impulse (type E up to 
two type G motors). 


The TRA requires a separation distance of: 30 feet (9 
m) for the launch of a rocket with no more than 160 
N:s installed impulse (A through G commercially 
manufactured motors) and 50 feet (15 m) for a re- 
search rocket (see high power rocket, advanced) with 
no more than 160 N‘s installed impulse (E through G 
non-commercial motors). 


High-power rockets: The required minimum separa- 
tion distances (of both the NAR and TRA) for the 
launch of simple and complex rockets having com- 
mercially manufactured motors are presented below. 


Separation Distance 


Simple Complex 
Rockets Rockets 


Maximum 
Total Impulse 
Installed Motor 


Type | ft) | ¢m) | ft) | (mm) 


Research rockets: The minimum separation distances 
required by the TRA for the launch of simple and 
complex research rockets (see high power rocket, ad- 
vanced) are presented below: 


Maximum Separation Distance 
Total Impulse Simple Complex 
Installed Motor Rockets Rockets 


Type 
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Multiple simultaneous launches: When multiple rock- 
ets are to be launched at the same time, substantially 


greater separation distances may be required by both 
the NAR and TRA. 


SEPARATION DISTANCE (consumer fireworks) — The 
minimum distance between functioning consumer 
fireworks and spectators viewing them that is consid- 
ered to be reasonably safe. In the US, both the Amer- 
ican Pyrotechnics Association and the National 
Council on Fireworks Safety have recommended 25 
feet (8 m) from ground fireworks and 40 feet (12 m) 
from aerial fireworks as the minimum appropriate 
safe-viewing distance for consumer fireworks. 


SEPARATION DISTANCE (display fireworks) — (Also 
spectator separation distance) — The actual or mini- 
mum-required distance between the point of dis- 
charge of fireworks (firework mortars or other fire- 
work holders) and the nearest spectator or other spec- 
ified location at a public firework display. These dis- 
tances are defined by regulation and vary considera- 
bly by geographic location and/or political jurisdic- 
tion. The requirements and discussion below are only 
general comments and are based on NFPA-1123, 
“Code for Display Fireworks”, which is used in much 
of the US. As the subject is complicated and ever- 
changing, readers need to consult the full set of min- 
imum requirements for their locality. 


For aerial shells fired from vertical mortars: For verti- 
cally placed mortars, the minimum separation dis- 
tance currently required by the NFPA is 70 feet per 
inch (22 m per 25 mm) of the internal diameter of 
each size mortar to be used in the display. Thus, for 
three-inch aerial shells, the minimum spectator sepa- 
ration distance is 3 times 70 feet, or 210 feet (64 m). 
If the vertical mortars are all placed at the center of 
the display site, the minimum display site radius is 
also 70 feet per inch (22 m per 25 mm) of internal di- 
ameter of the largest size shell to be fired in the dis- 
play. This situation is illustrated farther below. 


For aerial shells fired from mortars angled away from 
spectators: The minimum, display-site radius does not 


change when mortars are angled away from the main 
spectator area. The angled mortars may be moved up 
to 1/3 the distance from the center of the display site 
toward the spectators, providing the mortars are an- 
gled in a direction away from the spectators and at 
such an angle that any dud shells will fall approxi- 
mately 1/3 the distance past the center of the display 
site. (Ballistic calculations determine that this typically 
requires a mortar tilt angle of approximately 8° for a 
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Minimum 
Distance to 
Secured 
Boundary ——, 


Vertical 
Mortars and 
Center of 
Fallout Area 


Ground 
Displays 
(if any) 


Riana 


full 1/3 displacement from the center of the display 
site.) This situation is illustrated below. 


Minimum (d < 1/3 r) 
Distance to 
Secured 


Boundary —_» 


Center of 
Fallout Area 


Angled 
Mortars 


Ground 
Displays 
(if any) 


For aerial shells fired from mortars angled to com- 
pensate for the effect of wind: Mortars may be angled 


to correct for the effect of wind, but they must not be 
angled toward spectators. (This typically requires a 
mortar tilt angle of approximately 1.5° into the wind 
for every 5 miles per hour, 8 km per hour, of wind 
velocity averaged over the trajectory of the shell.) 


For aerial shells fired from mortars angled for aes- 
thetic reasons: Mortars may be angled for the aes- 


thetic reasons, but they must not be angled toward 
spectators (unless those spectators are far beyond the 
distance that a shell could be expected to reach). The 
minimum separation distance must be ‘correspond- 
ingly increased in the direction of the angle’. Unfor- 
tunately, in the US at present, the NFPA code is si- 
lent regarding the amount of additional separation 
distance required. Some ballistic calculations deter- 
mine that a mortar tilt of 5° will cause a typical 3, 6 
and 12-inch (75, 150, and 300 mm) dud aerial shell to 
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travel roughly 100, 200 and 300 feet (30, 60 and 90 m) 
down range, respectively.) 


For aerial shells fired from sites elevated relative to 
spectators: Shells may be fired from elevated sites, 
but appropriately greater separation distances are re- 
quired. Unfortunately, in the US at present, the NFPA 
code is silent regarding the amount of additional sep- 
aration distance required. 


When an aerial shell is discharged from the top of a 
building of some height (H). Under the existing con- 
ditions (e.g., mortar tilt and wind) and as a result of 
aerial shell drift, the shell follows a somewhat devi- 
ant trajectory. Assuming the shell is a dud (i.e., fails 
for explode), it will soon return to the height of the 
roof top, albeit at some distance from the mortar as il- 
lustrated below (green line). Then, as the shell con- 
tinues to fall to ground level, it continues to travel 
further from the mortar. 


The result is that the point of impact with the ground 
will be at an added distance (D) from the mortar. Ac- 
cordingly, this setup requires an additional spectator 
separation distance to provide the same level of spec- 
tator safety, as compared with a display fired from 
mortars at ground level. 


For splitting or bursting comets (see comet type) and 


mines containing splitting or bursting effects: For 
these effects, the NFPA requirements for minimum 


separation distance and mortar placement are the 
same as for aerial shells of the same size. 


For non-splitting and non-bursting comets (see comet 
type) and_mines containing only non-splitting and 
non-bursting effects: For these effects, the NFPA re- 
quirements for minimum separation distance are re- 
duced to one half those for aerial shells of the same 
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size and mortar angle. This is 35 feet per inch (11 m 
per 25 mm) of internal mortar diameter of the comet 
or mine. 


For chain-fused aerial shells, comets and mines: The 
minimum NFPA separation distance is typically 
twice the distance required for non-chain-fused de- 
vices of the same size. If the devices are fired from 
mortars, racks or other holders that are sufficiently 
strong to prevent their possibly being repositioned in 
the event of an explosive malfunction within the mor- 
tars, racks or other holders, the separation distance is 
the same as non-chain-fused devices of the same size. 


For Roman candles and multiple-tube devices: Be- 
cause these are internally chain-fused devices, the 


minimum NFPA separation distance is the same as 
that for the same size of externally chain-fused de- 
vice, firing the same type of effect(s). 


For ground display pieces: The minimum NFPA sep- 
aration distance for ground display pieces with low 
hazard is 75 feet (23 m). Low hazard devices include 
simple lancework, torches and small fountains. For 
ground display pieces with greater hazard, the mini- 
mum separation distance to spectators is 125 feet (38 
m). Greater hazard devices include firework wheels, 
salutes, large fountains and lancework with more 
dangerous devices attached to them. These distances 
are summarized in the illustration below. 
Greater Hazard Ground Displays 


(Wheels, Salutes, Pyro-driven Lancework) 


Low Hazard Ground Displays 


425° 1 ~— (Lancework, Torches, 
1.4G Fountains) 


Secured Boundary 


Special consideration: Minimum NFPA separation 
distances must be twice those normally required, 
when fireworks are discharged near a facility where 
the occupants have limited mobility (e.g., a hospital 
or nursing home), or where there is the bulk storage 
of materials with a flammability, explosive or toxic 
hazard. 


SEPARATION DISTANCE (magazine and manufactur- 
ing) — See quantity-distance table. 


Encyclopedic Dictionary of Pyrotechnics 


SEPARATION DISTANCE (proximate audience pyro- 
technics) — The minimum safety distance between 
proximate audience pyrotechnic items and the specta- 
tors at a performance. The requirements and discus- 
sion below are based on NFPA-1126, “Standard for 
the Use of Pyrotechnics before a Proximate Audi- 
ence”, which is used in much of the US. 


For most_effects: The minimum separation distance 
measured from each item in the performance to the 
audience is the greater of 15 feet (4.6 m) or twice the 
fallout radius, as illustrated below. 


(Spectator Minimum Fallout 
Barrier) Separation Radius 
Distance 


This is reasonably easy to implement for items that 
have a fairly circular fallout area, as in the above il- 
lustration. There are many situations where the fall- 
out radius, and thus the required minimum separation 
distance, is difficult to establish. Consider the case of 
a gerb to be operated at a substantial off-vertical an- 
gle, as illustrated below. In this case, the fallout area 
is approximately that of the spray of sparks in the 
plan view. 


(Elevation View) 


Gerb —, 


CO 
VLLLLLLL LL L822 L) 


(Plan View) 


Clearly, since the fallout area is nothing close to be- 
ing circular in extent, it is not obvious what should be 
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taken as the fallout radius. If the fallout radius is taken 
to be the maximum horizontal extent of the spray of 
sparks (x in the reduced scale illustration below), then 
doubling that for the separation distance would be 
appropriate only in the direction of the spray and 
would seem to be excessive to the need in other di- 
rections. 


(Plan View) 


Minimum Separation 


Distance 
ee 


As a practical matter, most often the separation dis- 
tance actually used takes the fallout area and enlarges 
it by a factor of two in each direction; then it com- 
bines that with the 15 foot (4.6 m) minimum distance 
around the gerb. This method is illustrated below. 


Stage (Plan View) 


Minimum Separation 
Distance 


For concussion effects: The minimum separation dis- 
tance for concussion effects (such as concussion mor- 
tars, cannon simulators and stage maroons) is 25 feet 
(8 m). The sound pressure level being produced is al- 
so an important consideration. At 25 feet (8 m), some 
of these effects may be capable of producing a per- 
manent hearing loss (i.e., a permanent threshold shift) 
to unprotected ears. 


For airbursts: In the US, there is no minimum hori- 
zontal separation distance requirement for an airburst, 
provided it is placed at a sufficient height above the 
spectators. This height is the greater of, three times 
the effect radius of the airburst, or at a sufficient 
height that no burning or glowing material comes 
within 15 feet (4.6 m) of the floor, as illustrated below. 
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Firing Cable Attached 
to “I” Beam 


Effect 
] Diameter 


<— Minimum 
Required 
Separation 
Distance 


The Greater of: 
- 3 Times Effect 
Diameter or 
- 15 feet 


SEPARATOR DISK -— See /ift disk. 


SEQUENCE (fireworks) — Usually refers to the pattern of 
firing a portion of a display. For instance, a sequence 
could consist of ten — 3-inch (75-mm) red shells fol- 
lowed by ten — 4-inch (100-mm) red shells and con- 
cluded with five — 5-inch (125-mm) red shells. 


SEQUENCER — An electronic device used to produce a 
controlled series of electric pulses. A sequencer can 
be used to ignite (or initiate) several fireworks (or 
explosive charges) in a predetermined and accurately 
controlled manner. 


SEQUENTIAL MULTIBREAK SHELL — See aerial shell 
name and description (specific) (shell of shells). 


SERIES CIRCUIT — See electrical firing circuit type. 


SERIES FUSING or SERIES MATCHING — An ignition 
method in which devices are fused to ignite and fire 
in a sequence, one after another. The chain fusing 
used with aerial display shells is a common example 
of series fusing. Series fusing contrasts with parallel 
fusing in which a number of devices are ignited and 
fire simultaneously. 


SERIES-PARALLEL CIRCUIT — See electrical firing 
circuit type. 


SERIES STAGING — See rocket, multistage. 
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SERIOUS EYE DAMAGE - See Globally Harmonized 
System of Classification and Labeling of Chemicals. 


SERPENT (fireworks) — An aerial display shell insert 
(i.e., special effect compo- 
nent), essentially an end- 


eds eT 


burning rocket with a spark- fe ie ; 7 Ww 
producing propellant, and Hi BEE ae 
with no stick, fins or other 
means of flight stabilization. +H 


This results in a device that 
flies about in a random pat- 
tern. An example of aerial 
shell serpents is shown at 
the right. 


When an aerial shell containing serpents explodes, 
the serpents are dispersed by the explosion and then 
fly about in a random fashion leaving a trail of 
sparks, giving somewhat the appearance of a snake or 
fish moving about randomly. As a result, some manu- 
facturers refer to this device as a fish. 


SERPENTINE — (From the Latin serpens, meaning ser- 
pent) — A term with several definitions, all connected 
in some way to the word serpent. 


serpentine cannon — Serpentine is a name given to 
the especially long-bore cannons used in Europe in 
the 14" and 15™ centuries, presumably so named be- 
cause of their long, sinuous barrels (somewhat remi- 
niscent of a snake). 


serpentine powder — A type of early (and relatively 
slow-burning) Black Powder. The powder was manu- 
factured by simply mixing the ingredients in a dry 
state (as is sometimes done today to make rough 
Black Powder for priming fireworks). This powder 
was considerably less powerful (i.e., slower-burning) 
than more modern (i.e., well incorporated) Black 
Powder made by intense milling of the moistened in- 
gredients, followed by pressure (i.e., plastic flow) 
binding and corning (i.e., granulating) the product. 


Because the powder was used in serpentine cannons, 
it came to be known as serpentine powder or simply 
serpentine. Although less powerful than more modern 
Black Powders, serpentine powder was effective in 
cannons of its day. At the time, faster-burning pow- 
ders could not be safely used, because those early 
cannons had relatively weak barrels. 


The name serpentine has occasionally been used as a 
synonym for meal powder, which it physically re- 
sembles, but serpentine powder is much slower burn- 
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ing than true meal powder collected during the pro- 
cess of corning commercial Black Powder. 


Being a simple mixture of ingredients of differing 
density, serpentine powder is said to have had the dis- 
advantage of occasionally having its ingredients seg- 
regating (i.e., becoming unmixed) during transport or 
prolonged storage. To help prevent this, it was a 
common practice to periodically invert the barrels of 
serpentine powder stored in armories. In addition, 
serpentine powder sometimes agglomerated during 
storage. This is at least partly because such early 
Black Powders were often contaminated with calcium 
nitrate, which is hygroscopic. 


Serpentine powder was slowly replaced with Black 
Powder, with its improved characteristics, in the late- 
15" century. 


musket serpentine — Serpentine also refers to a por- 
tion of the firing mechanism of matchlock muskets. It 
was an S-shaped component that held the smoldering 
slow match. The serpentine was connected to the 
trigger mechanism, such that the glowing end of the 
slow match was plunged into the powder pan, which 
then communicated fire to the main powder charge in 
the breech of the weapon. 


SERPENTINE POWDER - See serpentine (serpentine 
powder). 


SERVICE MAGAZINE — A building or container for the 
storage of explosive materials for a short time prior to 
use. As a portable container, a service magazine may 
also be described as a day box. 


SETBACK — (Also set-back) — A sudden rearward mo- 
tion or force, due to inertia, as occurs inside a projec- 
tile as it is being fired. 


In fireworks: Setback is the inertial response to the ex- 
treme acceleration of an aerial shell upon firing. (As 
an aerial shell is fired, it will typically be subjected to 
a peak acceleration of between 500 and 1500 times 
that due to gravity.) The relative motion and rubbing 
together of the pyrotechnic materials within an aerial 
shell can on occasion cause the ignition of those ma- 
terials and result in premature explosion of the shell. 


This explanation is seriously over-used in attempting 
to explain in-mortar shell explosions. In most in- 
stances, a shell in which there has been an internal 
ignition from setback will have left the mortar before 
its internal pressure has built to the point of explod- 
ing the shell casing. (See aerial shell burst time and 
aerial shell internal ballistics.) Thus, while shells in 
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which there has been a setback-ignition will explode 
prematurely, they will almost always have left the mor- 
tar before doing so (i.e., they will be a muzzle burst). 


It is likely that the vast majority of shell explosions 
within mortars are the result of faulty fuse sealing or 
casings that: 1) allow a substantial amount of fire to 
leak into the shell during the initial fraction of a sec- 
ond during the burning of the /ift charge; or 2) are not 
well-constructed and so collapse and break open in 
response to the extreme forces produced during the 
firing of the shell. 


Specifying a distance: Setback can also refer to a dis- 
tance, such as the separation distance between spec- 
tators and the point of discharge of fireworks, be- 
tween an explosives magazine and a public road, or 
the launch point of model rockets and spectators. 


SET FORWARD — Sudden forward motion, or force, 
caused when a projectile is retarded by air or impact. 
This effect has been used as part of the arming se- 
quence of some military artillery shells and of some 
exploding harpoons. 


SETPIECE (fireworks) — (Also ground display piece) — 
A firework display such as lancework, firework 
wheels, bouquets and/or other devices that perform 
while on the ground or on poles, frames or other 
structures on, or very near, the ground. A setpiece 
may be static or moving. 


articulated setpiece — A ground display, such as a 
lancework, with parts that move in relation to each 
other, but the display itself does not move along the 
ground. This is in contrast to a movable-ground dis- 
play piece. An example of a minimally articulated 
setpiece (a lancework) is shown below. 


In this instance, the ends of the pumpkin’s mouth are 
hinged, such that when two cords attached to the out- 
er ends are pulled, the pumpkin transitions from a sad 
pumpkin to a happy pumpkin. 


moveable setpiece — A ground display, such as a 
lancework, that moves along the ground. An example 
of a movable ground piece is shown below. 
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In this example, the lancework frame is mounted on 
small wheels (not shown) and is manually pulled with 
a rope, causing the train engine to move along the 
ground. Its drive wheel is in contact with the ground 
and rotates as the frame is pulled, so, this could also 
be referred to as an articulated ground piece. For ad- 
ditional realism, the train engine produces a chuffing 
sound as puffs of fire and smoke are propelled from 
its stack by the firing of a series of small mortars, 
mounted at the top of its smokestack, which are load- 
ed only with lift charges, not shown above. 


SFIERA — See Maltese firework term. 
SFX or SF/X — Abbreviation for special effect. 
SGRS — Abbreviation for soluble glutinous rice starch. 


SHAKU - A classical Japanese measurement used for 
larger-diameter shells. One shaku equals 303 mm. 


SHAPED CHARGE - (Also cavity charge or hollow 
charge) — An explosive charge with a cavity that is 
shaped (typically, cone-shaped), which causes the 
explosive energy to concentrate in one direction and 
thus be more effective. A shaped charge is the practi- 
cal application of the Munroe effect. There is no sig- 
nificant reduction in the explosive output in any other 
direction, compared with an equivalent amount of 
explosive. The usual reason for using a shaped charge 
is to accelerate a metal liner within its cavity to very 
high velocities, thus producing a jet of material with 
great penetrating ability. 


liner — When the central cavity is metal-lined, to im- 
prove the penetration ability of the shaped charge, 
this process is often described as the Mohaupt effect, 
after Swiss-American inventor Henry (Hans) Mo- 
haupt (1915-2001), who played a major role in its 
development. The added penetrability of a metal- 
lined shape charge is the result of the formation of a 
high-velocity jet of molten metal. 


flexible, linear shaped charge — (Abbreviated 
FLSC) - A flexible, detonating explosive that is spe- 
cially shaped to produce a cutting jet. In essence, this 
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is the linear version of a shaped charge, but can be 
bent to follow the form of the surface to be cut (i.e., 
attacked). 


linear shaped charge -— (Abbreviated LSC) — A less 
flexible or rigid version of flexible, linear shaped 
charge. 


SHAPED SPARKLER — See sparkler. 


SHARP AND SMITH’S POWDER — See powder type 
(chlorate powder). 


SHEAR STRENGTH — The ability of a material to resist 
tearing stress without failure. 


SHEATH THERMOCOUPLE — See 
sheath. 


thermocouple, 


SHEET CAP - See foy cap. 


SHEET EXPLOSIVE - A plastic bonded explosive 
(commonly PETN-based) formed into a relatively 
thin rubber-like, flexible sheet (typically 0.05 to 0.33 
inches, 1.2 to 8 mm, thick) that typically has a very 
high brisance and detonating velocity. 


Examples of sheet explosives are Detasheet™ and 
Flex-X. Sheet explosives are used in demolition, 
bomb disposal and in the welding, forming and hard- 
ening of metals. 


SHELF LIFE — The length of time, during storage, for 
which a device or substance retains adequate perfor- 
mance or physical characteristics. The shelf life of 
common pyrotechnic oxidizers, under reasonable 
storage conditions, can be many hundreds of years. 
On the other hand, the shelf life of finely divided 
magnesium metal, under humid storage conditions, 
may be no more than a few days. 


SHELL and SHELL, AERIAL — See aerial shell. 


SHELLAC -— [processed biological product, approxi- 
mately Ci6H240s] — {CAS 9000-59-3} — (Also lac, 
lacca, garnet lac, gum lac or stick lac) 


Shellac is a natural resin secreted by many species of 
scale insects (the most common being Kerria lacca) 
that are parasites of trees in Southeast Asia. It is used 
as a pyrotechnic fuel and an alcohol-soluble binder. It 
is less frequently used now than in the past because 
of its current relatively high cost. Shellac, as used in 
pyrotechnics, is a yellow to pale orange-brown pow- 
der, which is soluble in alcohol. The melting point is 
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not clearly defined, but shellac softens from 50 to 
90 °C, melts from 115 to 120 °C and is blackened at 
180 °C, losing its adhesive properties. When strongly 
heated, it decomposes and is carbonized with the 
generation of flammable gas. 


Characteristic 


a) Code for reference source, see preface. 


b) The value was calculated from the measured heat of 
combustion using the empirical formula C16H24Os. 


Health information: TLV: none established. The nui- 
sance dust standard can be applied: TLV-TWA: 10 
mg/m: (inhalable dust), 3 mg/m? (respirable dust). 


UN hazard classification: not regulated. 


Source: The insects that produce shellac take up sap 
from the trees and, after metabolizing it in a semi- 
polymerization process, they exude it as a scarlet-red 
gum called lac. This coats their bodies and the twigs 
of the tree with a heavy encrustation that is harvested 
by being scraped off the trees. After it is collected, 
washed and purified by melting and filtering, it is 
formed into thin brittle sheets from which various 
powdered forms may be produced. 


Composition: Purified shellac is a complex mixture of 
chemical compounds, mostly esters of alleuric acid 
{CAS 533-87-9} with various terpinic acids. The de- 
tailed composition of shellac varies, depending on the 
host trees, the insect species and the environmental 
conditions. Shellac is typically composed of approx- 
imately 65% carbon, 27% oxygen and 8% hydrogen. 


In_ pyrotechnics: The carbon content of shellac is 
smaller, and the hydrogen content is larger, than that of 
other fuels (e.g., rosin). When it is burned in combi- 
nation with an oxidizer, a lack of oxygen in the flame 
does not cause the generation of carbon particles. In 
addition, a high flame temperature is obtained during 
combustion. This is the reason why shellac is regard- 
ed as a superior fuel for colored-flame compositions. 


Historical: An early mention of shellac in the pyro- 
technic literature was made in 1843, when the French 
pyrotechnist Francois-Marie Chertier (17??-1855) 
described it as ‘the best fuel that I know’. Later, it be- 
came very important as a far safer replacement for 
sulfur in color compositions based on potassium 
chlorate or barium chlorate. 
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SHELL BURST DELAY TIME — See aerial shell pre- 
fire time. 


SHELL BURST HEIGHT — See aerial shell burst height. 


SHELL BURST MECHANISM — See aerial shell burst 
mechanism. 


SHELL BURST SPREAD - See aerial shell burst spread. 


SHELLCALC® — A graphical computer program, pre- 
sented as an Excel spreadsheet, used to calculate the 
trajectory and potential fallout of firework aerial 
shells, comets, bombettes, mines and fountains. The 
input criteria include shell type (1.e., shape), caliber 
(1.e., size), angle of firing, wind direction and speed, 
burst diameter and launch height. The program out- 
put includes numerical values for range, burst height 
and position. Optionally, the program also calculates 
estimated fallout distances for shell fragments and 
‘lightweight’ debris (e.g., long burning stars) and 
displays the information graphically. 


Sample output from the ShellCalc° program is pre- 
sented below. 


ShellCalc© v5.1.7 


/ eeiren ie 
5" (125mm) setct caléve from ist 
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215 m from ground level (z) 
85 m from origin (x/y) 
114 m from onign (x/y) 


Developed by John Harradine, Manly, Queensland, Australia 
Additions by Tom Smith, Davas Ltd, UK - effective May 2012 (see revision log). 
See http://www.jpyro.com/wp?p=23 for more details 


See Help TABS for more information 


Page 1093 


= = = en i 


Predicted Trajectory [x/z plot] 


Downrange Carry (x) [metres] 


Predicted Ground Track [x/y plot] 


Downrange Carry (x) [metres] 


— > Wind Direction/Strenath —— Ground Track) Trajectory 
© Burst position ~~ Burst Diameter 
— > Normal Debris Fdlout «+> Long Burn Stars 


| Windspeeds HEpW”ASCESNSHOISI” About “Changelog” © 


The program is available in two forms: ShellCalc® as 
a free download; and ShellCalc® Pro, available on 
subscription. It has been adopted by the British Pyro- 
technists Association in the UK as a recommended 
tool for determining hazards on site and in product- 
specific risk assessments for professionally fired 
firework displays. It is also used by some European 
display companies and enforcers. 


SHELL CARTRIDGE, BOGARDUS - See Bogardus shell 
cartridge. 


SHELL CASING, AERIAL — The container, either cy- 
lindrical or spherical, that initially acts to protect the 
contents of an aerial shell from the hot gases pro- 
duced by the burning lift charge as the shell is fired 
from its mortar. Later, when the shell’s time fuse 
burns through, the break charge is ignited inside the 
casing, which then acts to temporarily confine the 
burning gases being produced. Ultimately, when the 
internal pressure exceeds the strength of the casing, it 
ruptures in a mechanical explosion (see explosion 
type) and the contents of the shell are dispersed into 
the air producing the visual display. 
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Paper shell casing: Cylindrical shell casings are often 
constructed by rolling kraft paper around a case for- 
mer, and they are then strengthened by inserting a 
chipboard liner (see cylindrical case forming). As an 
alternative, short lengths of spiral-wound tubes and 
end caps can be used (shown below). The use of such 
spiral-wound casings may make it more difficult to 
achieve a symmetric break. For this reason and by 
custom, the use of these casings is avoided by tradi- 
tional shell builders. 


Once the casing has been filled and closed, it is 
common to further strengthen the casing by adding 
end disks, spiking with string and applying one or 
more paste wraps of paper. 


Cylindrical salutes are typically made as described 
above, using short, spiral-wound tubes, but the walls 
of salute casings are much thicker (i.e., stronger). 


Spherical shell casings are usually constructed from a 
pair of hemispheres made of paper. Paper hemi- 
spheres, 1.5-inch through 8-inch, plus a 12-inch on 
the left (i.e., 38 mm through 200 mm plus a 300 mm), 
are shown below. 


Once the casing has been filled and closed (usually 
with tape applied around its equator), the casing is 
further strengthened by manually pasting with many 
layers of kraft paper in the form of relatively narrow 
strips. To achieve the proper, hard-breaking spherical 
shell, the amount of pasted paper must be adjusted 
based on the size of the shell. A formula (Shimizu, 
1981) for the appropriate number of layers of pasted 
paper (J) to be applied to a shell is: 


N= 6 
S 
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Here, D is the outside diameter (in cm) of the hemi- 
sphere being used, and S is the average (i.e., cross 
and long grain) tensile strength of the paper (in kg 
per cm of width). For typical materials, a 6-inch 
(150-mm) shell would require approximately 15 layers 
of pasted paper. 


As an alternative to manually pasting with strips of 
paper, some computer-controlled aerial shell pasting 
machines have recently been introduced. 


Foam_shell casings: At one time, to more easily 
achieve symmetric bursts of spherical shells, hemi- 
spheres made of a dense, rigid-type plastic foam were 
developed. It was thought that the foam would be 
strong under compression (as needed to withstand the 
lift forces) but would be weak under tension (thus fa- 
cilitating symmetric shell bursts). While this seemed 
to work reasonably well, foam hemispheres failed to 
become popular, perhaps as a matter of economics 
and concerns about the slow degradation of plastics in 
the environment. Examples of 3 through 8-inch (75 
through 200-mm) foam hemispheres are shown below. 


Plastic shell casings: In some cases, especially for 
lower-quality shells, solid plastic casings may be 
used for both cylindrical and spherical aerial shells. 
Examples of 2- through 3-inch (50 through 75 mm) 
plastic cylindrical shells and their end closures are 
shown below. 


pee 


Examples of 1.5-inch through 8-inch plus a 12-inch 
(38 through 200 mm plus a 300 mm) plastic hemi- 
sphere sets are shown below. 
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Molded, biodegradable shell casings: To retain the 
convenience of molded, plastic shell casings, while 
eliminating the production of persistent plastic debris, 
the use of molded, biodegradable casings was at- 
tempted. Such casings reportedly were composed of a 
water-soluble adhesive combined with finely-ground 
organic matter (an example is shown below); this 
type of casing has not yet found wide use, perhaps as 
a matter of economics and convenience. 


Self-consuming shell casings: In venues such as 
theme parks, where firework displays are a nightly 
occurrence, the accumulation of spent aerial shell 
casings can pose problems. These include the need 
for continuous litter collection, fire safety concerns 
(from smoldering debris) and the complaints of 
neighboring residents and communities (concerning 
debris and fire safety). 


To ameliorate the spent-casing problem, a few theme 
parks have switched to self-consuming shell casings. 
These are made of compressed nitrocellulose fibers 
and appear somewhat like grayish-white felt. When 
the shell bursts, the shell casings are quickly con- 
sumed (i.e., they burn up) as dimly-visible, yellow 
fragments. To protect these casings during their 
launch, they are coated with a flame-resistant paint 
and are often propelled by air pressure rather than a 
burning Black Powder lift charge. 


SHELL DELAY - See aerial shell fusing (Bickford fuse). 


SHELL DETONATION — (Also violent in-mortar explo- 


sion or VIME) — A type of aerial shell malfunction. 
In contrast to a flowerpot malfunction, a shell detona- 
tion is a very powerful explosion of a shell inside a 
mortar. Despite the name, a shell detonation almost 
certainly does not meet the technical definition for a 


Page 1095 


true high explosive detonation. Therefore, the use of 
an alternate term, VIME, abbreviated from violent in- 
mortar explosion, is encouraged. 


Often the entire pyrotechnic contents of a device are 
consumed almost instantaneously in the explosion. 
When this is the case, little or no visible burning ma- 
terial (such as stars) typically leaves the mortar (as il- 
lustrated below). In other instances, a portion of the 
shell’s contents will not be consumed instantaneously 
in the explosion and may be seen as burning debris 
leaving the area of the explosion. In either event, the 
powerful shell detonation usually damages or destroys 
the mortar (even a heavy-walled, steel mortar) and may 
reposition adjacent mortars (see mortar explosion). 


Loud Report And 


Flame; Few, If Any, 
Stars Will Be Visible 


Burst Mortar 


A potential cause for a VIME is the same as that for 
flowerpot and muzzle break malfunctions. For each 
of these three types of malfunction, there needs to be 
a premature ignition of the internal contents of the 
aerial shell. This may be the result of a fire leak 
through fractures or defects in the shell casing or 
from the displacement of the time fuse. It may also be 
the result of an ignition from setback. 


Whether the premature ignition produces a flowerpot, 
muzzle break or a VIME depends on the nature of the 
contents of the shell. Several causes have been sug- 
gested, including the use of inappropriate pyrotechnic 
compositions in the stars, especially if the individual 
stars themselves are also poorly compacted. Recent- 
ly, this hypothesis has been confirmed scientifically 
in a few cases. In those cases, the star (actually a 
comet) composition combined a powerful oxidizer 
(e.g., potassium perchlorate) with a metal fuel (mag- 
nalium), which consisted of a large percentage of 
very small particles. Ignition of these stars provided a 
large amount of energy. The stars also had internal 
voids that allowed a high level of intrusion of com- 
bustion gases, such that the entire contents of the stars 
were consumed almost instantly. The combination of 
much energy production ina very short time (1.e., very 
high-power production) resulted in powerful explo- 
sions. 


A similar so-called firework detonation can also oc- 
cur in mines, certain comets and other types of fire- 
work devices. 
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SHELL DRIFT — See aerial shell drift and aerial shell 
wind drift. 


SHELL EXIT TIME — See aerial shell exit time. 

SHELL EXPLOSION — See aerial shell burst mechanism. 
SHELL, FIREWORK — See aerial shell (fireworks). 
SHELL FIRING SEQUENCE - See cue list. 


SHELL FUNCTIONING — See aerial shell burst mecha- 
nism. 


SHELL FUSING — See aerial shell fusing. 
SHELL INSERT - See insert. 
SHELL INSPECTION — See aerial shell inspection. 


SHELL INTERNAL BALLISTICS — See aerial shell in- 
ternal ballistics. 


SHELL LEADER (fireworks) — (Also shell leader fuse or 
aerial shell leader) — A long, very fast-burning fuse that 
conveys fire from an external point of ignition to the 
Black Powder lift charge ofan aerial shell at the bottom 
of its mortar. A shell leader in position for the firing of 
an aerial shell is shown in the illustration below. For 
manual firing, the ignition end of the shell leader will 
have a delay element to provide the person igniting the 
shell with time to assume a relatively safe position as 
part of the manual aerial shell firing procedure. 


Quick Match 
Safety — Shell Leader 


_ in Lift Charge 


Firework Stars : 
& Break Charge 


Shell Casing ——— 
Cross-Matched —— yyalls 
Time Fuse : 

Shell Lift Charge = 
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Almost universally, shell leaders are made from quick 
match. Such a shell leader is shown, still coiled, to the 
right of the cylindrical aerial shell in the photo below. 


- WARNING 
ANGEROUS EXPLOSIVE 


The delay element on a shell leader will usually be 
one of two types. Until quite recently, the most com- 
mon type was a 3 to 4-inch (75 to 100-mm) length of 
black match at the end of the shell leader, which pro- 
vided 2 to 4 seconds of delay. In the example shown 
below, (A) is the length of exposed black match, and 
(B) is the protective safety cap. This cap is intended 
to remain in place until the moment of firing the 
shell, as a precaution against premature ignition (e.g., 
from a stray spark). 


SII SHS i wet SiR i I 


Today, the most common delay element is a 1.5 to 2- 
inch (38 to 50-mm) length of a thick version of visco 
fuse (shown below), providing 4 to 6 seconds of delay. 


Ce 

Pore tte rote igooee 
SEIcerTae aoe EGER 
BEECH F 
“Ht | et | t if 5 i (al Fale 
BREE EEEEEEEEEEEEEHHEEEH sageann ERS 


The end of the visco fuse is fuse commonly slurry- 
primed with Black Powder to facilitate its ignition. 
The quick match used for shell leaders is often cov- 
ered with plastic tape for added strength and moisture 
resistance. 


spun shell leader: For a brief time near the end of the 
20" century, a very fast burning version of a Bick- 
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ford-style fuse (i.e., spun shell leader) was used on 
some aerial display shells manufactured in China. 


vis-quick shell leader: It is common today to use a 
moderately fast-burning version of visco fuse (i.e., 
vis-quick fuse) as the shell leader on reloadable con- 
sumer firework aerial shells. Because vis-quick fuse 
is only moderately fast burning, it is common to not 
include a delay element on the ignition end of such 
shell leaders. 


SHELL LEADER DEFICIENCY — When there are defects 


in an aerial shell leader, there will be an increased po- 
tential for safety-related malfunctions during a fire- 
work display. Some of the most common deficiencies 
are discussed below in the context of a manually- 
fired display. During the inspection of the aerial 
shells, after delivery to the display site, shell leaders 
should be examined to discover whether these defi- 
ciencies are present. (The subject of repairing aerial 
shell leaders is discussed elsewhere in this text.) 


Missing safety cap: The safety cap on the shell leader 
helps to protect the ignition delay element on the end 
of the leader fuse during transportation and handling. 
More importantly, during a display, it provides pro- 
tection from accidental ignition from sparks. The end 
of a shell leader with no safety cap to cover the ex- 
posed black match is shown below. 


Pee a - SUS SSRRERSRSMERGRERG Soo oae cs: 


Damaged delay element: Depending on the level of 
damage to a black match delay element, its burn time 
is likely to be affected. With modest damage, it is 
possible for the delay element to burn substantially 
faster than expected, whereas with heavy damage (as 
shown below) the burn time can be greatly extended. 
In either event, with damaged delay elements, there is 
potential for the shooter to be out of the proper de- 
fensive position when the shell fires. 


prresstosteesses tases FESS seerssasfinsil 
With the more rugged visco-like shell leader delay 
element becoming more common, problems with 
damaged black match are increasingly rare. 
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Short black match delay element: For a shell leader 
with black match as its delay element, if the length of 


the delay element is too short (shown below), the fir- 
ing of the shell will be almost instantaneous. This 
will not allow the shooter to take the proper defensive 
position before the shell fires. 


With the rer visco-like shell leader de- 
lay element becoming more common, the problem of 
ashort black match delay element is increasingly rare. 


Short shell leader: The shell leader must be long 
enough to extend at least 6 inches (150 mm) from the 
top of the mortar after the shell has been loaded 
(shown below). 


If this is not the case, it is common for the end of the 
shell leader to slide back and into the top of the mor- 
tar. When this happens, there is no safe way to ignite 
the shell manually. 


Damage to the match pipe: When the paper match 
pipe is damaged (shown below), there is potential for 


aie sparks to ignite the shell accagentay: 
Pris SaeeSS5555 


: TS dines 
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With the increasing use of strong, plastic-tape- 
wrapped quick match for shell leaders, the problem 
of damaged match pipes is increasingly rare. 


Missing or torn suspender: The shell leader is sup- 
posed to pass through a loop of cord (i.e., the sus- 


pender) on the top of the aerial shell. This can be im- 
portant because it ensures that the shell, when held by 
the shell leader (or lowering 
cord), will be in the proper 
orientation as it is being 
loaded into the mortar. When 
the suspender is missing or 
torn (shown at the right), it 
may be possible that the shell 
will be mistakenly loaded 
upside down. 


SHELL LEADER FUSE — See shell leader. 


SHELL LEADER REPAIR - See repairing aerial shell 
leader. 


SHELL LIFT CHARGE WEIGHT - See aerial shell lift 
charge weight. 


SHELL LOADING PROCEDURE — See manual aerial 
shell loading procedure. 


SHELL MALFUNCTION — See aerial shell malfunction. 


SHELL MANUAL FIRING PROCEDURE — See manual 
aerial shell firing procedure. 


SHELL MISFIRE — A type of aerial shell malfunction 
in which the quick match shell leader initially burns 
away after being ignited, but then ceases burning be- 
fore reaching the lift charge (and nothing else hap- 
pens), leaving a live shell in the mortar. A similar 
malfunction can occur when firing electrically, be- 
cause of a problem with the performance of the elec- 
tric match, with its attachment to the shell or with the 
quick match fusing (if any) of the shell. (Contrast 
with dud shell.) 


SHELL NAME AND DESCRIPTION — See aerial shell 
name and description (specific). 
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SHELL OF FUSILLADING SHOTS — See fusillading shot 
(fireworks). 


SHELL OF SHELLS — An aerial shell containing several 
small shells. These small shells are ignited and dis- 
persed when the main (1.e., outer) shell bursts. (This 
is in contrast with multibreak aerial shells.) 


When the internal small shells are salutes (also de- 
scribed as shots, saettines or reports) the main shell 
will often be described as an artillery shell. In cylin- 
drical shells, when the internal shells are small, they 
may be described as pupadella or bombettes. In 
spherical shells, the small internal shells are often de- 
scribed as small flowers (and the main shell may be 
described as a bouquet shell). In the timed series of 
images shown below, the bursting of the main shell 
disperses its interior shells into an approximately cir- 
cular pattern, where they go on to perform individually. 


Photo credit: Dan Chubka 


The general construction of a spherical shell-of-shells 
is illustrated farther below, in cross section. 


SHELL PASTING — See pasting, aerial shell. 


SHELL PASTING MACHINE — See pasting machine, 
aerial shell. 


SHELL PRE-FIRE TIME - See aerial shell pre-fire time. 


SHELL SIZE — See aerial shell size. 


SHELL SPIKING (fireworks) — See spiking. 
SHELL SUSPENDER — See suspender, aerial shell. 
SHELL TYPE — See aerial shell type. 


SHELL WEIGHT -— See aerial shell weight. 
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Shell Leader Fuse 
(Quick Match) 


Shell 
Insert 


Break 
Charge 


Firework 


Secondary 
Time Fuse 


Primary 
Time Fuse 


Lift Charge 
(Black Powder) 


SHIFTING BOARD - See /oading board. 


SHIMIZU ENERGY DIAGRAM and SHIMIZU IGNITION 
PROPAGATION ENERGY DIAGRAM - See ignition 
propagation energy diagram. 


SHIPPING BUILDING — See building type. 


SHIP’S LIGHT or SHIP’S FLARE — See marine signal 
(blue light). 


SHIPWRECK LIGHT — See /ight, shipwreck. 


SHOCK CORD (rocketry) — (Also bungee cord) — Ma- 
terial used in the line(s) that connect the rocket body, 
nose cone and recovery device. It absorbs the shock 
of the separation of those parts upon ejection. It may 
also absorb some of the opening shock of a parachute 
canopy, if used. Shock cord may consist of one or 
more materials and may or may not include an elastic 
element. In some cases, various pieces of the rocket 
system may have their own separate shock cords and 
recovery systems. 


SHOCK FRONT — The discontinuous change in the 
pressure (and other parameters of a medium) occur- 
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ring at the leading edge of a shock wave, which prop- 
agates at supersonic speed. For an example of this, see 
blast wave, air. 


SHOCK GENERATOR -— See shock tube (apparatus). 
SHOCKING UP -— See blast wave, air. 


SHOCK TUBE (firing line) — (Also Nonel™ or signal 
tube) — A thin, plastic tube, typically “sinch (3 mm) 
in diameter, the inside surface of which has been 
coated very thinly with a mixture of powdered alu- 
minum and a high explosive (usually, HMX, cyclo- 
tetra-methylene-tetranitramine) is illustrated below in 
transverse and partial longitudinal sections. When 
initiated, a chemical reaction proceeds at a high rate 
(= 6500 feet/second or = 2000 m/s) along its length. 
A bright flash of light and a noise are produced, but 
the tube is normally left intact. 


Plastic Tube 


— 


Explosive Coating 
Empty Space 


Initiation of shock tube requires both high tempera- 
ture and a reasonably strong pressure pulse. One con- 
venient initiation method uses the output from a 
shotgun shell primer in a special hand-held firing 
mechanism, as shown below. 


While a conventional electric match is not capable of 
initiating shock tube, specially formulated and con- 
structed electric-match-like devices can be used. Alt- 
hough small, these shock-tube initiators produce an 
especially powerful explosion (given the small mass 
of explosive) upon functioning. One such example is 
shown below, where the initiator (red) is connected to 
the shock tube (yellow) by a short length of clear 
plastic tubing held in place with zip ties. 
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Since shock tube is very insensitive to accidental ini- 
tiation, it can be safely cut with almost any cutting 
tool. It is preferable to use a tool having a sharp, thin 
cutting blade (as shown below) to get a clean, effec- 
tive cut. 


A convenient feature of shock tube is that it can read- 
ily be spliced or branched by inert coupling tubes (A) 
and simple tubing tees (B). Examples of this are 
shown below. 


If greater strength is desired, standard -inch (3-mm) 
metal or plastic compression fittings can be used, as 
shown farther below. 


In fireworks: In the 1990s, the product No Match™, 
based on shock tube, was introduced because of some 
safety advantages in replacing aerial shell leaders and 
to economize in some types of electrical firing. Con- 
ventional shock tube required flame-to-shock con- 
verters to initiate the shock tube from a fuse or elec- 
tric match, and a shock-to-flame converter to reliably 
ignite the pyrotechnic materials. While conventional 
shock tube is still available, it is rarely used today for 
fireworks; in part this is because a special type of 
shock tube (Lightning Thermo Tube™, LTT) has 
been developed. This new shock tube is loaded with a 
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thin dusting of a flash-powder-like composition on its 
inner surface. 


LTT has the advantage of retaining all the safety ad- 
vantages of conventional shock tube; additionally, it 
is capable of direct initiation from reasonably ener- 
getic electric matches as well as being capable of the 
direct ignition of most pyrotechnic materials. 


In explosives: Shock tube can be used for non-elec- 
tric initiation (illustrated below), which has important 
safety ramifications. 


= Shock Tube Initiator 


Shock Tube 


High Explosive 


Detonator 


Under typical field conditions, it is common to use a 
more rugged initiation system than that described ear- 
lier, but it is still capable of initiation by the output of 
a shotgun shell primer. In this case, the primer is 
placed into the small hole in the center of the initiator 
(shown below, right) and the top of the initiator is 
placed over the central post holding the primer. A fir- 
ing pin inside the top of the initiator is held above the 
primer by a spring. The shock tube is inserted into a 
small hole in the initiator (not shown in the photo- 
graph). Initiation is accomplished by placing the ini- 
tiator on the ground and firmly stomping on the top 
of the unit. 
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For non-electric blasting operations, non-electric det- 
onators and delays (see below) are used for initiation. 


In pyrotechnic special effects: Shock tube is some- 
times used for a stage effect intended to simulate a 
lightning strike. (See Streeks™ and Lightning Thermo 
Tube™ ) 


SHOCK TUBE (apparatus) — (Also shock generator) — 


An apparatus used to generate a one-dimensional (air) 
shock wave within a straight tube. The apparatus is 
composed of two parts, an extremely high-pressurized 
tube coupled to a low-pressure tube that are separated 
by a diaphragm. When the diaphragm is burst me- 
chanically, a shock wave is formed at the burst dia- 
phragm and travels into the low-pressure end of the 
tube. Simultaneously, a rarefaction wave is formed and 
travels back into the high-pressure tube. The shock 
wave so generated can be used as a rapid (i.e., shock) 
heating source applied to a reactive media (e.g., a high 
explosive) to study its initiation reaction mechanism. 


SHOCK TUBE DETONATOR — See detonator. 


SHOCK WAVE — A transient pressure pulse that propa- 


gates at greater than the speed of sound in the medium. 


In explosives: The mechanism of propagation of the 
chemical reaction in high explosives is primarily by a 
shock wave. This shock wave is caused and support- 
ed by very rapid chemical reactions. The combination 
of the shock wave and the chemical reaction zone is 
sometimes referred to as a detonation wave. 


In rocketry: A shock wave is a pressure discontinuity 
produced by any object or fluid traveling at or above 
the speed of sound in the surrounding medium. If the 
shock is created by a rocket nose cone, for example, 
the shock (described as a bow shock) forms at the tip 
of the rocket with the shape of a cone toward the tail 
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of the rocket. This shock wave produces the sonic 
boom associated with supersonic flight. Shock waves 
also form in the throat of a rocket nozzle in which 
critical flow is present. 


No matter what the cause of the shock wave, infor- 
mation (e.g., pressure, temperature and velocity) can- 
not be transmitted upstream acoustically. The pressure, 
temperature and velocity are discontinuous functions 
across the shock boundary, and changes on one side 
do not correspond to similar changes on the other 
side of the boundary. This allows ramjet engines and 
ducted rocket motors to operate. 


normal shock wave — (Also normal shock) — A 
shock wave standing perpendicular to the direction of 
flow (i.e., streamline) in a supersonic flow field. Su- 
personic flow becomes subsonic flow moving through 
a normal shock wave. Both normal and oblique shock 
waves stand at the nose and fins of supersonic rockets. 


oblique shock wave — (Also oblique shock) — A 
shock wave inclined at an oblique angle to the direc- 
tion of flow (i.e., streamline) in a supersonic flow 
field. Supersonic flow remains supersonic moving 
through an oblique shock wave. Both normal and 
oblique shock waves stand at the nose and fins of su- 
personic rockets. 


SHOCK WAVE (air) — See blast wave, air. 


SHOGUN CONNECTOR (fireworks) — See electric match 
connector. 


SHOOTER (fireworks) — (Also firer) — A display crew 
member responsible for performing the manual igni- 
tion of the fireworks. In some cases, a person ener- 
gizing the electrical firing circuits at an electrically 
fired display may be described as a shooter. 


SHOOTING CABLE — See firing line, blasting. 


SHOOTING COMET - See comet type (ascending comet) 
and French split. 


SHOOTING COMET SHELL -— See aerial shell name 
and description (specific). 


SHOOTING WIRE — See wire, electric. 


SHOP GOODS -— Fireworks that are legal to be sold to 
the general public. The term has been used primarily 
in the UK and Australia. In the US (and becoming 
more common the UK) these items are described as 
consumer fireworks. Shop goods include small aerial 
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shells, mines, comets, fountains, Roman candles, 
rockets, bangers (i.e., firecrackers), wheels, saxons 
and many other devices. The collection of shop goods 
shown below dates to about 1960, and it shows a va- 
riety of shop goods manufactured in Australia. 
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These types of shop goods almost universally had 
blue touch paper as the means for their ignition. This 
traditional practice continued until as late as the early 
1990s, after which more and more shop goods were 
imported from China, and these items were commonly 
provided with visco fuse for their ignition. The visco 
fuse was sometimes covered by a piece of blue tissue 
paper, thus continuing the traditional appearance of 
the earlier shop goods. 


SHORT — See short circuit. 


SHORT AXIS — See axis of rotation (general) (trans- 
verse axis). 


SHORT CIRCUIT — (Also short or electrical short) — 
An electrical circuit fault (often with near zero re- 
sistance) that prevents an electric current from reach- 
ing the intended load. A short circuit has electrical 
continuity; so, a continuity test fails to detect such a 
circuit fault. Depending on the location of the short 
circuit, a resistance check of the circuit may indicate 
an abnormally low resistance. 
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In fireworks and rocketry: A short circuit is usually the 
result of an error in connecting the wiring, which in- 
advertently allows electrical contact between two 
wires, such that the current bypasses the electric match 
or rocket igniter. As a result, when power is applied, 
the electric match or rocket igniter fails to fire. 


SHORT-CIRCUIT EFFECT — (Also robotic effect) — A 
special effect producing a sudden and large number 
of silver sparks used in motion picture and other pro- 
ductions to simulate the electrical arcing produced by 
an electrical short circuit. 


Short-circuit effects are most commonly produced by 
using arcing match or short-circuit preloads. A short- 
circuit effect can also be produced with a length of 
Pyrofuze™. A series of images spanning a time in- 
terval of approximately 0.06 second is shown below. 
This demonstrates the functioning of an approximately 
2-inch (50 mm) length of 0.008-inch (0.2 mm) diam- 
eter Pyrofuze, initiated by the passage of an electric 
current of approximately 10 amperes. 


arcing match — (Also sparking match) — A special 
effect material producing an omni-directional spray 
of sparks. It is used in motion picture and other pro- 
ductions where splatters of sparks are needed, such as 
for simulating electric short circuits and to augment 
explosions filmed in miniature. 


Arcing match is a modification of firework black 
match. It consists of a heavy cotton cord or a collec- 
tion of strings impregnated and coated with a Black 
Powder mixture. Along its length, at intervals of ap- 
proximately 2 or 3 inches (50 to 75 mm), egg-shaped 
swellings or nodules are present (shown below). 
These nodules are approximately 0.25 inch (6 mm) 
long and composed of a Black Powder composition 
containing titanium particles. Particle size (and size 
distribution) of the titanium particles is selected to 
control the range and duration of the spark effect 
produced. Other sparking metals can be used, includ- 
ing ferro-titanium and zirconium. 
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The powder on the match itself and the nodules are 
bound with nitrocellulose in a non-aqueous binding 
system. The sparking nodules are quite symmetric 
and are produced by applying the sparking composi- 
tion to short lengths of black match while it is being 
rotated on a lathe-like apparatus. 


The match is remarkably fast burning even though it 
is not covered with paper (i.e., match pipe) like quick 
match. It is thought that the hard, outside layer of 
dried composition acts somewhat as a covering and 
results in an increase in the burn rate of arcing match. 
(See burn type, pyrotechnic (propagative burning).) 


Arcing match is manufactured in various diameters to 
meet the needs of the special effect to be produced. 


short-circuit preload — (Also short circuiter) — A 
pyrotechnic special effect device used to produce a 
burst of sparks to simulate an electrical short circuit. 
This is one application for a class of special effect 
devices commonly described as spark-producing de- 
vices (SPDs). The device is fully complete and con- 
tains an electric match for its ignition. These devices 
range greatly in size, depending on the scale of short 
circuit being simulated. 


Short circuit preloads are commonly identified by the 
directionality of the spray of sparks they produce. A 
preload projecting sparks predominantly from its end, 
away from its leg wires, may be referred to as a di- 
rectional short circuiter (DSC), whereas one project- 
ing sparks widely in all directions may be referred to 
as an omni-directional short circuiter (OSC) or simply 
omni-short circuiter. A small OSC is shown below. 
ae aed —_— 
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This type of device (i.e., an OSC), except for the 
electric match, is entirely made of the spark- 
producing composition, such that only electric match 
remnants remain after it operates. Typically, the 
composition used is Black Powder that contains tita- 
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nium particles as the spark-producing material, bound 
with nitrocellulose. The particle size of the titanium 
particles is selected to control the range and duration 
of the spark effect produced. This composition burns 
quickly, producing no ash or burning debris. 


The directional short circuiter consists of a composi- 
tion-filled tube, with one closed end, which usually 
remains fully intact after functioning. The tube causes 
the directionality of the sparks. 


SHORT FUSING (fireworks) — See finale (finale safety 
considerations). 


SHORT-TERM EXPOSURE LIMIT — (Abbreviated 
STEL) — See toxicology regulatory term (permissible 
exposure limit). 


SHORT TON — One of several units of weight de- 
scribed as a ton, in this case, equaling 2,000 pounds 
avoirdupois (where 1 pound avoirdupois corresponds 
to 0.454 kg). 


SHORT WIRING — The practice of strongly securing 
the Jeg wires of an electric match (attached to a fire- 
work device) to a substantial object. For example, the 
leg wires from an electric match attached to an aerial 
shell would typically be secured to a mortar, mortar 
rack or other solid object. This practice has both per- 
formance and safety advantages. 


The performance advantage is that short wiring 
makes it less likely that electric matches or their elec- 
trical connections will be pulled loose by the pre- 
show activities of crew members, or by the firing of 
devices during the show. For example, unsecured 
electric match leg wires for yet unfired aerial shells 
can sometimes be pulled loose by the leg wires of 
another nearby aerial shell as it is fired. 


The safety advantage is that short wiring makes it 
less likely that errant fireworks will be fired into 
spectator areas. In the event of a violent in-mortar 
explosion (VIME or shell detonation) of an aerial 
shell destroying a mortar and its rack, the still-loaded 
mortars may become reoriented in dangerous direc- 
tions. With short wiring it is less likely that shells 
may continue to be fired. This is because, as the rack 
is destroyed, it is at least somewhat likely that the 
wiring that had been firmly attached to the rack will 
be severed, thus reducing the possibility of further 
firings from that rack. Short wiring can also serve as 
an indication that a shell has left its mortar (i.e., has 
fired successfully) if the electric match wire is no 
longer inside the mortar following a display. 
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For aerial shells: One method of short wiring, where 
the electric match leg wires have been tied around a 
wooden side rail of the mortar rack is shown below. 


Two alternative methods for short wiring are shown 
below. On the left, the electric match leg wires have 
been wound around a screw in the side of the rack. 
On the right, the wires have been tied through a small 
hole in the top of the mortar. 


A concern sometimes expressed regarding the use of 
short wiring when the electric match leg wires are 
firmly attached to the aerial shell, is the necessity of 
the shell having to break free of its attachment to the 
leg wires. One study of this issue found that the re- 
duction in burst height for even small aerial shells 
was well within acceptable limits. A summary of the 
results for typical aerial shells is presented below. 


Shell Size | Burst Height 
Reduction (%) 


Care must be taken that the electric match is not firmly 
attached to the time fuse ofa shell; if this is done, the 
time fuse may be pulled out of the shell as the shell 
leaves the mortar, resulting in an unexploded shell 
falling to the ground. 


For other fireworks: There can be similar advantages 
for using short wiring with other types of display 
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fireworks. When electrical firing is used for saxons, 
wheels or other rotating devices, the wiring and fus- 
ing must not interfere with the rotation necessary for 
their effective functioning. 


SHOT (fireworks) — Examples of how the term shot is 
used in fireworks are presented below. 


shot— Any component of an aerial shell or other aerial 
firework device that is designed to produce a loud 
explosive noise. Shots contain salute powder, which 
is a pyrotechnic composition (usually a flash powder) 
that explodes violently and produces a loud noise 
with little visual effect other than a bright flash of 
light and smoke. A shot’s composition may contain 
granular titanium to produce a cloud of white sparks 
when the shot explodes. 


bottom shot — The last, and typically the most pow- 
erful, shot (i.e., report) in a multibreak aerial shell. In 
cylindrical, top-fused aerial shells, the bottom shot is 
usually located at the bottom of the shell as it is load- 
ed into its mortar. Top fusing it is better suited to 
withstand the pressures exerted during the firing of 
the shell. For stacked spherical shells, the so-called 
bottom shot is often the uppermost of the stack of in- 
dividual shells as it is loaded into its mortar. The bot- 
tom shot occurs as the lowest (i.e., bottom) of the se- 
ries of individual shell breaks in the sky. 


fusillading shots — A component (or insert) shell 
containing multiple small shots (or report) compo- 
nents that explode in rapid, random succession. 


shot hole — A hole into which an explosive composi- 
tion is placed. For example, the central hole in a 
crossette (i.e., bursting comet) into which either a 
small shot is inserted or into which a charge of flash 
powder is loaded. 


timed shots — A series of shots, fused so that they 
explode in a regular sequence, one after another. By 
tradition, usually there are an odd number of shots, 
with the last one (often a bottom shot) being the most 
powerful. 


SHOT (metal) — Small pellets of metal, usually approx- 
imately spherical in shape, as produced by allowing 
droplets of molten metal to fall a long distance, as 
from the top of a tower. 


SHOT (weaponry) — A solid projectile for cannon 
(without a bursting charge). It also means pellets, 
small balls or slugs in a shotgun shell or in some oth- 
er types of ammunition. 
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SHOT, BLASTING — An explosion for the purpose of 
breaking or moving rocks in the process of quarrying. 


SHOT FIRER — (Also blaster, powder man or powder 
monkey)—A person who uses blasting explosives and 
is responsible for preparing, charging and firing ex- 
plosives. 


SHOT HOLE (fireworks) — See shot (fireworks). 
SHOT HOLE (blasting) — See blast hole. 

SHOT SHEET (firework display) — See cue list. 
SHOTS, FUSILLADING — See shot (fireworks). 

SHOT TUBE — See aerolite. 

SHOULDER (rocketry) — See body tube coupler. 
SHOW LIST — See performance plan (inventory lists). 


SHRAPNEL — Heavy lead balls (see shot (metal)) added 
to the filling of artillery shells for the purpose of in- 
creasing their effectiveness against troops, as devel- 
oped by Henry Shrapnel (1761-1842), a British artil- 
lery officer. Later, the use of high explosive fillings 
that shattered the strong steel artillery shell casings 
made the added lead balls unnecessary. 


In the current usage, shrapnel can be taken to mean 
most any dangerous flying debris produced by an ex- 
plosion. 


SHRED (rocketry) — As a verb — See strip. As a noun, 
shred is jargon for a model rocket that has lost one or 
more fins due to high acceleration, poor construction 
or unexpected forces acting on the rocket. The term is 
also used to describe a model rocket that has com- 
pletely come apart during takeoff. 


SHROUD LINE (rocketry) — 
(Also shroud) — The cords 
connecting the canopy of 
a parachute to the object 
being supported. A para- 
chute being used as the 
recovery device for a 
model rocket is illustrated 
at the right. 


Main ———~ 
Parachute 


Shroud Line 


Shock Cord 


Rocket Body ——> 

and Fins 

SHROUD, SAFETY — The 
protective covering over 
an electric match tip (i.e., fusehead), usually a tube 
composed of soft rubber or plastic. An electric match 
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with its safety shroud (white) in place is shown below This approach has been used during the separation of 
(upper) and with its safety shroud slid back to expose the stages of multi-stage rockets. 
the match tip power 
, SHUTTLE BOARD and SHUTTLE LOADER — See /oad- 
ing board. 


SHUTTLE EFFECT — See French split. 


SHUTTLE SHELL — See aerial shell name and descrip- 
tion (specific). 


. is Si — The symbol for the chemical element silicon. 
The rather extreme electric match sensitiveness to ac- 


cidental ignition is such that, whenever possible, the 
safety shroud must be kept in place to help protect 
the match tip, most notably from friction and impact. 


SI — Abbreviation for International System of Units 
(from the French — Systeme Internationale d'Unités), 
which is a metric system. See unit, scientific. 


SHUNT (electrical) — As a noun, a shunt is an inten- 
tional short-circuit of an electrical system. As a verb, 
to shunt is to connect, with a very low resistance, two 
parts of an electric circuit. 


SIATENE or SIATINE-— See saettine. 


SIDE FUSING — Placement of a fuse into the side of de- 
vice rather than into its end. This method is commonly 


In pyrotechnics: To shunt is to connect the leads of an used when making small salutes such as M-80s and 
electric match or other electroexplosive device to- silver salutes, as illustrated below in cross section. 


gether, or to short-circuit the output of an electrical 
firing device, usually in the belief that safety will be 
improved. The use of shunts on an electrical firing 
circuit prior to its use is required in some jurisdic- 
tions. Depending on the design of the circuit, it is 
possible that shunts may actually make accidental ig- 
nition from radio-frequency interference more likely. 
This can be the result of shunting making the firing 
circuit a better antenna for radio frequencies. This is 
similar to the potentially increased hazard from a 
varying magnetic field, where a shunted circuit may 
act as a ‘transformer winding’. Shunting also does 
not address the pin-to-case voltage discharge path, 
although it cannot be said to add to that hazard. 


Paper Tube 


End Plug Powder Charge 


SIDE IGNITION, FUSE — See fuse side ignition. 


SHUTDOWN (rocketry) — The process of decreasing the SIDE-SPIT (fuse) — See fuse-spit. 


thrust of an active rocket motor to zero. Shutdown of 
a liquid-fueled rocket simply requires turning off the 
flow of fuel and oxidizer to the motor. Similarly, 
shutdown of a hybrid rocket is easily achieved by 
turning off the flow of oxidizer. Shutdown of a solid- 


SIDE THRUSTER — See rocket type by function. 


SIEVE (noun) — [Also sifter, 


= i ical- mitt ded CEcEr 
screen] — A utensil (typical pS FEES =| 
ly a shallow pan or frame) "Sota Tt 


propellant rocket motor is much more difficult, as . Sis) triste) ae 


having a bottom made of a Seen eee ro 
perforated material (usually igtige la lela) ml Toda 
brass or stainless steel wo- 2 
ven-wire mesh) that pro- 
vides an array of apertures each of the same namical 
size. An example of the brass-wire screen in a No. 10 
U.S. Standard sieve is shown at the right. 


once the combustion of the propellant has been initi- 
ated it will continue until all the propellant has been 
consumed. Shutdown of a solid-propellant rocket has 
been accomplished by venting the chamber pressure; 
it is also possible to use reverse thrust (i.e., re- 
directing the flow of gases from the rocket so that the 
flow is in the same direction as the flight of the rock- 
et), as disclosed for example in US Patent 3,196,610. Accordingly, particles of loose granular or powdered 

solids placed in the sieve will either pass through, or 
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be retained on, depending whether the size of a particle 
be less, or greater that, the size of the apertures. 


In pyrotechnics, sieves have six different applications: 


e For selecting an appropriate particle size range for an 
ingredient (see mesh fraction). 


e For mixing (see mixing method (sieve method)). 


e For applying or distributing a powder in an approxi- 
mately uniform manner (e.g., see sifting in). 


e For granulating a composition, in the form of a damp 
dough, by passing it through a coarse sieve (see 
granulate). 


e For separating milled powder from milling media af- 
ter ball-milling (see mill). 


e For an aid in drying damp pellets or granules of com- 
position placed on a sieve (as a result of improved air 
circulation from below). 


Today, sieves are still commonly specified by a mesh 
number, which historically referred to the approxi- 
mate number of apertures per linear inch. This scheme 
for designating sieves resulted in variously sized ap- 
ertures corresponding to a given mesh number, de- 
pending on the diameter of the wire used to make the 
screen. Consequently, several different schemes of 
mesh numbers have evolved, and the aperture sizes 
for a given mesh number are not always the same. On 
an international scale the situation was made even 
worse by the French in the 19" century counting the 
number of parallel wires in 21 mm, or in 27 mm, 
whereas in the English-speaking countries it was usual 
to count the number of apertures per inch (25.4 mm). 
In recent years, the International Standards Organiza- 
tion (ISO) has recommended a system of sieve sizes 
known as the US Standard Sieve series. This system 
is based on the actual size of the square apertures, 
specified as the length of the side of the square aper- 
ture in millimeters or in micrometers. The table be- 
low presents a range of sieves from this series of siz- 
es of general relevance to pyrotechnic applications, 
including the number designation of the sieve in the 
US Alternative Series having the same aperture size. 
The US Alternative Series uses the term ‘No.’ not 
‘mesh number’. The latter term is obsolete for the 
sieve specifications approved by the ISO and its use 
should be avoided. 
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Aperture ® | US Standard | US Alternative 
mm s 


a) The aperture sizes in the table differ by a factor of the 
square root of 2, except for the two smallest sizes, 
which differ by a factor of the fourth root of 2. 


Sieves, especially those used in the laboratory, are also 
described by their overall size. Three common sizes of 
laboratory sieves, having pan diameters of 3, 5, and 8 
inches (75, 125, and 200 mm), are shown below. 


The suppliers of such sieves can also provide receiv- 
ing pans to hold the material passing through the 
sieve and lids to close the top of the sieve. The use of 
lids and receivers is very helpful in reducing expo- 
sure of the operator to dust generated during the sift- 
ing process 


Historical: In early historical firework literature, the 
sizes of sieves were typically identified only as fine, 
medium or coarse, and by the material of which the 
screen was made (silk, muslin, hair or wire). For the 
sifting of chemicals prior to mixing, some authors 
recommended a fine sieve made of silk, lawn cloth or 
muslin cloth. These cloths were available in a range 
of mesh sizes and thread diameters, so it is not possi- 
ble to be specific about the aperture size of these 
sieves. 


In some instances, mesh sizes, but unfortunately not 
the wire (or fiber) diameters, were specified. For ex- 
ample, Tessier (1859) specified a series of seven 
sieves for use in pyrotechnics (presented below). 
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seeaeee steeeeenened seeteeennenens 


Wires/27 mm||US Alt. No. © 
fo: 150 | 140 106 | 


a) Sieve numbers 1 through 6 were specified as being 
made with silk threads. Sieve number 7 was made with 
brass wire, or preferably horsehair. 


b) The closest US Alternative Sieve Number. 


c) The aperture size in microns for the closest US Alt. 
Sieve No. 


Using this system of sieves, a powder would be spec- 
ified according to the sieve through with it must pass, 
and sometimes according to a range. For example, 
steel filings might be required to all pass a No. 2 sieve, 
but that portion of material that would pass through a 
No. 1 sieve might be rejected. Such filings would 
then be designated 'No. 2 to No. 1'. Materials for col- 
ored fires (apart from chlorates) might be weighed 
out and mixed together by two or three passes 
through a No. 5 sieve. Then, any chlorate required for 
the composition would be ground separately to pass 
through a No. | sieve, weighed, and added to the oth- 
er ingredients. The whole would then go two or three 
times through a No. 5 sieve to complete the mixing. 


Similarly, Practicus (1871) recommended a 40 or 50- 
mesh sieve for sifting ingredients (again without spec- 
ifying wire, or fiber, diameters). This would corre- 
spond to between a 500-micron and 250-micron U.S. 
Standard Sieve. For mixing and for sifting coarse char- 
coal, he recommended a 20-mesh sieve, which would 
correspond to between a l-mm and 707-micron U.S. 
Standard Sieve. For sifting coarse charcoal, Kentish 
(1878) recommended a sieve of a perforated sheet of 
zinc having circular apertures 1/40 of an inch in di- 
ameter. This corresponds to 635 microns. For sifting 
iron borings, he recommended a somewhat larger ap- 
erture sieve (1/30 inch, 847 microns) and a larger one 
again (1/18 inch, 1.41 mm) for coke grains. 


SIEVE (verb) — (Also screen or sift) — To subject mate- 
rial to the action of a sieve (i.e., screen). 


SIEVE ANALYSIS — (Also screen analysis) — A method 
to determine the approximate particle size distribu- 
tion of a material by measuring the percentage of par- 
ticles that pass through and that remain on a series of 
different mesh-size screens. (See mesh fraction.) 
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Sieve analysis can be important when attempting to 
set standards for pyrotechnic ingredients. 


SIEVE BLINDING — (Also screen blinding) — A problem 
encountered during the screening of some materials 
whereby the holes in the screen (1.e., sieve), or portions 
of the screen surface, are filled or covered with the 
material, which prevents the proper operation of the 
sieving process. For example, if one attempted to 
sieve a partially moistened composition through a fine 
sieve, it is likely that the sieve would become blinded. 


SIEVE MEDIUM — The material from which the screen 
in a sieve is made. Common sieve media are brass 
and stainless-steel mesh. 


SIEVE MIXING and SIEVE METHOD — Sce mixing 
method. 


SIEVE SIZE — See mesh number. 
SIEVING — See sieve (verb). 


SIFT (verb) — (Also screen or sieve) — To subject mate- 
rial to the action of a sieve. 


SIFTING IN — A method for applying or distributing a 
powder in an approximately uniform manner using a 
sieve. For example, a powder may be introduced into 
a bundle of small tubes by placing a sieve over the 
bundle, putting the powder into the sieve and shaking 
or tapping the sieve so that the powder falls some- 
what uniformly into the collection of tubes. 


SIGMOID CURVE — (Also S curve) — The S-like shape 
of probability curves. A sigmoid curve for the proba- 
bility of ignition as a function of ignition stimulus is 
illustrated below. 

> 1.0 


(Duds) 


(Accidents) 


Ignition Probabilit 
oO 
oa 


o 
oO 


Ignition Stimulus 


Pyrotechnic ignition is a statistical phenomenon, thus 
for a given stimulus level the result will have an un- 
certainty associated with it. In this sense, the process 
of ignition has much in common with rolling dice; 
the probability of various results can be established, 
but individual outcomes are not predictable. 
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At very low stimulus levels, there is essentially no 
chance of ignition of pyrotechnic material. As the 
level of stimulus increases, so does the probability of 
ignition. At very high levels of stimuli, the chance of 
ignition is essentially ensured. When an ignition oc- 
curs as the result of a low level of stimulus, such as 
when mixing, handling or loading the composition, 
often the result is an accident. When an ignition fails 
to occur after receiving an intentional high level of 
stimulus, the result is a dud. 


The source of energy being delivered can be quite var- 
ied, and commonly is from impact (i.e., shock), fric- 
tion, thermal energy or electrostatic discharge. When 
there is an abundance of ignition sensitiveness data, a 
sigmoid curve is useful in displaying that data and in 
visually assessing the predictability of the pyrotechnic 
material. If the curve stays at zero until it quickly ris- 
es to one, the ignition of the material is very predict- 
able. This is highly desirable. For such a hypothetical 
material, it is easy to establish the stimulus levels that 
essentially never cause ignition, and those that always 
result in ignition. For real-world materials, the curve 
rises slowly from zero to one, thus accidents and 
duds will be much more common occurrences. 


SIGNAL CARTRIDGE — See warning, acoustic. 


SIGNAL, COSTON’S TELEGRAPHIC NIGHT — See 
Coston’s telegraphic night signal. 


SIGNAL FLARE — (Also distress signal or signal light) — 
A pyrotechnic device that produces light and may be 
used to provide identification, provide location in- 
formation or give a specific warning. Signal flares 
can be divided into ground and aerial flares (see flare 
(noun)). Three formulations used for signal flare 
compositions are presented below. Formulations 1 to 
3 are for red, yellow and green flares, respectively, 
(Ellern, 1968). 


Formulation —| Parts by Weight 
Ingredient | 


Hexachloro-benzene ‘ 
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a) Hexachloro-benzene is a suspected carcinogen and is 
no longer used in the US and Europe. 


For an example of colored signal flares developed in 
the 19" century, see Coston’s telegraphic night sig- 
nals. 


The term may also be loosely applied to any type of 
pyrotechnic signal; thus, pyrotechnic smoke genera- 
tors intended for use as distress or location signals 
may be described as smoke flares. 


SIGNALING SMOKE - A pyrotechnic device (e.g., py- 
rotechnic smoke generator) that produces smoke, 
usually colored smoke, which may be used to provide 
identification, provide location information or give a 
warning. 


SIGNAL LIGHT — See signal flare. 
SIGNAL, MARINE — See marine signal. 


SIGNAL, PYROTECHNIC — An item designed to produce 
a sign (light, smoke or sound) to provide identifica- 
tion, provide location information or give a warning. 


SIGNAL ROCKET -— See rocket, signal and signal flare. 
SIGNAL TUBE — See shock tube. 
SILICA — See silicon dioxide. 


SILICA, COLLOIDAL — [SiO2] — {CAS 112945-52-5, 
7631-86-9, 69012-64-2} — (Also fumed silica, silica 
fumes, silica thixotropic powder, pyrogenic silica or 
precipitated silica, also trade names such as Aerosil® 
and Cab-O-Sil®). 


Any of several very-finely divided forms of silicon 
dioxide useful in low concentrations as flow agents in 
pyrotechnic compositions and as anticaking agents 
for chemicals. It is not to be confused with the liquid 
preparation of the same name commonly sold as a di- 
etary supplement. Colloidal silica is a white, micro- 
scopically-fine powder. Its surface area is very great: 
50 to 400 m’/g, depending on its grade. There are two 
main types: fumed silica and precipitated silica. 
Fumed silica is produced by pyrolysis of silicon tet- 
rachloride in a hydrogen-oxygen flame or by conden- 
sation of the silicon dioxide vapor formed by expos- 
ing quartz sand to an electric arc. Precipitated silica is 
made by adding mineral acid to an alkaline silicate 
solution under carefully controlled conditions and 
washing and drying the resulting precipitate. 
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As a bulking agent, colloidal silica may add some- 


what to the volume of a pyrotechnic composition and 


reduce its tendency to compact on standing. A com- 
mon pyrotechnic use for colloidal silica is to add 4 to 
2% (by weight) to the oxidizer of flash powder to fa- 
cilitate thorough mixing and to help prevent compac- 
tion of the finished composition, which can slow the 
burn rate. 


Health information: Colloidal silica particles are in- 


credibly small and light and will become airborne as 
soon as the material is moved. Always wear protec- 
tive clothing and a dust mask when handling this ma- 


terial. All TLVs for these forms of silica have been 
withdrawn because of the lack of data. NIOSH has an 
REL-TWA of 6 mg/ m? for precipitated silica and 


0.05 mg/ m° for fused silica; IARC-3: unclassifiable 
as to carcinogenicity. 


UN hazard classification: not regulated. 
SILICIC ANHYDRIDE — See silicon dioxide. 


SILICON — [Si] — {CAS 7440-21-3} 


Silicon is a non-metallic chemical element (some- 


times described as a metalloid), atomic number 14. It 


is gray and shiny as crystals and dark brown to black- 
ish as an amorphous powder. 


Silicon is a common energetic fuel used in igniter 
cord compositions. It is occasionally used to increase 
the effectiveness of prime compositions by raising the 
flame temperature and producing molten glassy drop- 
lets that are effective heat-transfer agents. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: PEL-TWA: 15 mg/m’ (total dust) 
5 mg/m? (respirable dust). 


UN_hazard_ classification: PSN: silicon powder, 
amorphous; HC: 4.1 — flammable solid (UN1346). 


SILICON DIOXIDE — [SiO2] — {CAS 14808-60-7} — 
(Also silica, silicic anhydride; the minerals agate, 
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amethyst, chalcedony, crystobalite, flint, quartz and 
tridymite) 


Silicon dioxide, depending on its form, can serve rad- 
ically different purposes in pyrotechnic compositions. 
In granular form, as ground quartz or ground glass, it 
can be used as a friction sensitizer, such as in friction 
igniter compositions. As colloidal silica, it is effec- 
tive as a flow agent. Silicon dioxide is colorless as 
crystals or as a glass and white as a powder. 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.025 mg/m’ (respir- 
able dust); ACIGH: 2A — suspected human carcinogen. 


UN hazard classification: not regulated. 


SILICON (ELEMENTAL), SPOT TEST FOR — See spot 


test. 


SILVER (as a color in fireworks) — The intense white 


color of some firework effects (most commonly sparks 
but also stars and other colored-fire devices). Silver in 
this context specifically indicates a white flame or 
spark having a high degree of brightness. This con- 
trasts with the term white, which refers only to the col- 
or. Silver effects may be produced with reactive met- 
al fuels such as aluminum, magnalium and titanium. 


SILVER(I) FULMINATE — [AgCNO]- {CAS 5610-59-3} 


— (Also silver oxidoazaniumylidynemethane or silver 
fulminate) — Silver fulminate must not be confused 
with fulminating silver. 


Silver(I) fulminate is a primary high explosive dis- 
covered in 1800 by the British chemist Edward C. 
Howard (1774-1816). It is used in tiny amounts in 
some consumer firework torpedoes, novelties (e.g., 
snappers) and in Christmas crackers. It is colorless as 
crystals and white as a powder. 


Structural formula: 


Encyclopedic Dictionary of Pyrotechnics 


Characteristic (a) 


(e) = explodes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.01 mg/m? (as Ag). 
Contact with the skin can cause severe itching and 
dermatitis. 


UN hazard classification: forbidden. 


SILVER(I) IODATE — [AgIO3] — {CAS 7783-97-3} 
(Also silver iodate or iodic acid silver salt) 


Silver(I) iodate is an oxidizer used in cloud seeding 
pyrotechnics as a precursor to silver(I) iodide, an ef- 
fective ice-nucleating agent. It is colorless as crystals 
and white as powder. Silver(I) iodate is sensitive to 
light and should be stored in lightproof containers. 


a) Code for reference source, see preface. 
Health Information: TLV-TLV: 0.01 mg/m’ (as Ag). 


UN hazard classification: PSN: Oxidizing solid, n.o.s. 
(silver iodate); HC: 5.1 — oxidizer (UN1479). 


SILVER(I) IODIDE — [AglI] — {CAS 7783-96-2} (Also 
silver iodide; as the mineral iodyrite) 


Silver(I) iodide is used in cloud seeding as an effec- 
tive ice-nucleating agent. It is a light yellow crystal- 
line solid or powder. Silver(I) iodide is sensitive to 
light and should be stored in lightproof containers. 


In pyrotechnics: For cloud-seeding purposes, silver(I) 
iodide is usually generated pyrotechnically from mix- 
tures containing silver(I) iodate. It can also be dis- 
persed from burners that burn an acetone solution of 
a silver iodide complex. Such a solution is prepared 
by dissolving one-part sodium iodide in five parts ac- 
etone, dissolving four parts silver(I) iodide in the so- 
lution, and diluting with fifty parts acetone. 
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Characteristic (a) 


a) Code for reference source, see preface. 
Health Information: TLV: none established. 


UN hazard classification: Not regulated. 
SILVER(I) IODIDE FLARE — See cloud seeding. 


SILVER JET (fireworks) — See helicopter, firework 
(Two-Stage Silver Jet). 


SILVER MATCH (fireworks) — See match, firework. 


SILVER MATCH (special effect) — A special effect ma- 
terial consisting of a heavy cotton cord that is coated 
with a slurry of pyrotechnic composition containing 
one or more oxidizers and aluminum. The presence 
of aluminum, usually at least some of which is fine- 
flake aluminum, causes the material to burn with a 
silver flame and a substantial display of silver sparks. 
As an alternative, silver match may be made by coat- 
ing a heavy strand of regular black match with a ni- 
trocellulose and flake-aluminum composition with or 
without an added oxidizer. This does not burn as 
quickly as arcing match (see short circuit effect). 


Silver match is not covered with a match pipe and is 
used in relatively short lengths in motion picture and 
other productions. It may be used to appear as an es- 
pecially visibly burning fuse. It may also be used to 
simulate welding or cutting torches or other white- 
spark generating operations. 


SILVER(I) NITRATE — [AgNO3] — {CAS 7761-88-8} — 
(Also nitrate of silver or lunar caustic) 


Silver(I) nitrate is an especially reactive nitrate oxi- 
dizer. It is too reactive and too costly to be of practi- 
cal interest as a pyrotechnic ingredient. Silver(I) ni- 
trate is an essential intermediate in the manufacture 
of silver(I) fulminate. Silver(I) nitrate is prepared by 
dissolving silver metal in nitric acid. It is colorless as 
crystals and white as a powder; it becomes gray or 
grayish-black upon exposure to light. 
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Characteristic 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 0.01 mg/m? (as Ag). 
Will immediately burn and stain skin with a black 
silver deposit. Can cause blindness by this mecha- 
nism if it comes in contact with the eyes. 


UN hazard classification: PSN: silver nitrate; HC: 5.1 
— oxidizer (UN1493). 


In lecture demonstrations: Silver(I) nitrate has been 
used in chemical lecture demonstrations of extreme 
water reactivity. A freshly prepared mixture of dry, 
finely-powdered silver nitrate and magnesium powder 
are shown to burn explosively on contact with a mist of 
water droplets. The ignition is a result of an exother- 
mic displacement reaction (see chemical reactions 
type). (See spontaneous ignition (effect of moisture).) 


SILVER RAIN — (Also silver shower.) — See rain, gold 
or silver. 


SILVER RAIN MATCH — See match, firework (silver 
match). 


SILVER SALUTE -— A relatively small but powerful ex- 
ploding device containing flash powder. These items 
were patterned closely after the slightly larger M-80. 
They were allowed for sale to the public in the US 
prior to the passage of the Child Protection Act of 1966. 
Silver salutes were made from a 4 inch (13 mm) ID 
by 1% inch (38 mm) long paper tube, typically with 
an outer silver wrap of paper. Usually the words ‘do 
not hold in hand’ were printed on the outer silver 
wrap. The ends were closed with paper end plugs, 
and the device was fitted with a short length of visco 
fuse inserted into the side of the case, as illustrated in 
cross section and shown farther below. 


A modified version of the silver salute combined as- 
pects of the construction of the cherry bomb and the 
standard silver salute. It was a roughly cylindrical 
device (like a silver salute) but it was covered in a 
thick layer of pasted sawdust (as is a cherry bomb). 
The final size of the device was a little shorter and 
thicker than the more common paper version of the 
silver salute. A small amount of aluminum powder 
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Paper Paper Tube 


End Plug Powder Charge 


below. 


Unfortunately, this modified version of a silver salute 
produced hard fragments of the sawdust and glue 
mixture when it exploded. These fragments were ca- 
pable of inflicting serious injury at a greater distance 
than were fragments from comparable devices such 
as silver salutes that had thinner casings composed 
only of paper. 


Consumer firecrackers (50 mg (US) legal) have 
sometimes used the name Silver Salute (shown at the 
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right), apparently to in- 
voke the reputation of 
the now illegal, much 
larger and more power- 
ful device. 


SILVER STREAK™ — A 
Black Powder model 
rocket motor that pro- 
duced a large plume of 
sparking exhaust when 
ignited. This rocket is 
no longer in production, 
but it was one of the first 
to produce a sparking 
exhaust. The similarity 
of the effect of spark-producing model rocket motors 
to that of firework rockets caused much concern in the 
model rocket industry. As a result, today all motors 
producing sparks are classed as high-power rocket 
motors, regardless of their total impulse. Typically, 
these spark effects are produced by granular titanium. 


| CAUTION—EXPLOSIVE 


SILVER TORPEDO -— See torpedo, firework. 


SILVER WHISTLE — See whistle mechanism, pyrotech- 
nic. 


SIMPLE COMET — See comet type (straight comet). 
SIMPLE FRONT - See front. 


SIMULATOR (military) — A relatively low hazard pyro- 
technic device used for training purposes and intend- 
ed to simulate some much more hazardous battlefield 
event. An example of a simulator is the military M- 
80 explosion and gunfire simulator. 


SIMULTANEOUS DIFFERENTIAL THERMAL ANALY- 
SIs — (Abbreviated SDT or SDTA) — A combination 
of thermal analysis methods used to study the thermal 
properties of pyrotechnic compositions. Typical com- 
binations are differential scanning calorimetry and 
thermogravimetry (DSC-TG); differential thermal 
analysis and thermogravimetry (DTA-TG); thermo- 
gravimetry, differential thermal analysis and Fourier 
transform infrared spectroscopy (TG-DTA-FTIR); 
and thermogravimetry, differential thermal analysis, 
Fourier transform infrared spectroscopy and mass 
spectroscopy (TG-DTA-FTIR-MS). 


SINGLE-BASE POWDER and SINGLE-BASE PROPEL- 
LANT — See smokeless powder type. 
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SINGLE-BREAK SHELL — An aerial display shell that 
produces a single primary explosion (i.e., break) that 
disperses its contained effects (e.g., stars or inserts) in- 
to the sky. The aerial shell may be either cylindrical or 
spherical, and the inserts may be smaller aerial shells. 


SINGLE-GRAIN, DUAL-THRUST ROCKET MOTOR — 
See rocket motor, dual-thrust. 


SI PREFIX — See Si unit prefix. 


SIREN (fireworks) — A synonym for a whistle. The 
term may also refer to a two- or three-tone whistle. 


SIRI MSDS INDEX — See MSDS Index, SIRI. 


SI SUPPLEMENTARY UNIT — See unit, SI supplemen- 
tary. 


SITE PLAN — See performance plan. 
SI UNIT — See wnit, scientific. 


SI UNIT PREFIX — In the SI system, very large and 
very small quantities are formed using a series of dif- 
ferent prefixes to the basic unit being discussed or 
described. For example, both large and small 
measures of length are all based on the meter as the 
basic unit. Thus, a kilometer is a long distance (i.e., 
1000 meters) and a millimeter is a short distance (i.e., 
0.001 meter). All prefixes used in the SI system are 
the same as those used previously in the metric system; 
a few prefixes previously used in the metric system 
are discouraged. Specifically, in most cases, the use 
of centi- (as in centimeter, meaning 0.01 meter) and 
deci- (as in deciliter, meaning 0.1 liter) are discour- 
aged. In the SI system, only those prefixes that are 
multiples of 1000 are preferred. The most common SI 
prefixes, their symbols (i.e., abbreviations) and the 
multipliers they represent are presented below. 


Multiplier 


One common deviation from the SI practice of using 
only prefixes that are in multiples of 1000, is the use 
of the units of grams per cubic centimeter (g/cm’), ra- 
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ther than kilograms per cubic meter (kg/m*) for den- 
sity. This is done as a matter of convenience, espe- 
cially for chemists, as a carryover from past practice, 
plus the fact that the density of the most common liq- 
uids and solids are in a relatively small range near | 
g/cm*, whereas the same density, expressed in kg/m’, 
would be 1000 times greater. 


SI UNIT SYSTEM — See wnit, scientific. 


SIX-ONE-ONE POWDER - (Also 6-1-1 or 6-1-1 pow- 
der) — Jargon used by some manufacturers and pyro- 
technic hobbyists for a hand-made (i.e., rough) meal 
powder (see Black Powder grade). Its name derives 
from its formulation, which consists of six parts po- 
tassium nitrate, one-part sulfur and one-part charcoal. 
Six-one-one powder may be used in some composi- 
tions calling for meal powder or as a prime composi- 
tion. 


SIZING — This term has two different meanings: 


In materials processing: The process of using one or 
more sieves to separate a powdered or granulated ma- 
terial into various particle size ranges. (See mesh 
fraction.) 


In paper: A process used to increase the resistance of 
a paper’s tendency to absorb fluids. Sized paper is 
desirable for use when durability and water resistance 
is desired, for example, when the paper is to be used 
as a product label. Sized paper tends to limit the ef- 
fectiveness of paste applied to it, such as when used 
in making strong paper tubes for rocket motors. 


SIZING COMPOUND (rocketry) — See finishing com- 
pound. 


SKILLET — A flat piece of cardboard or similar material 
that has been cut in such a way that it can be folded to 
make a carton or box. The name is said to have been 
derived from the French word ‘squellette’ meaning 
skeleton. In the context of match-related collectables, 
the term ‘skillet’ refers specifically to a skillet for the 
sleeve of a matchbox. If the skillet has been printed 
with text, graphics, etc., there is no need to provide a 
label for the finished box. Nearly all modern match- 
boxes are of this type. Shown farther below on the 
right is a skillet for a box of German Bengal matches, 
with the label and the two striking surfaces all printed 
directly onto the cardboard. 


SKIN (rocketry) — The outer surface of a built-up struc- 
ture, such as the airframe of an aeromodel. 
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SKIN CORROSION — See 
Globally Harmonized Sys- 
tem of Classification and 
Labeling of Chemicals. 


SKIN FRICTION (rocketry) — 
The resistance caused by 
shearing stress in the 
boundary layer produced 
by the passage of a viscous 
fluid (such as air) over a 
body. 
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SKIN FRICTION DRAG — See 
drag force (friction drag). 


SKIN IRRITATION and SKIN 
SENSITIZER — See Glob- 
ally Harmonized System of 
Classification and Label- 
ing of Chemicals. 


SKIP BURNING — See fuse powder. 


SKY LANTERN -— (Also lantern or khoom fay in Chi- 
nese) — A small, hot-air balloon made of tissue paper. 
These items range greatly in size and shape, but a di- 
ameter of approximately 2 feet (0.6 m) and a height 
of approximately 3 feet (0.9 m) are somewhat typical 
(shown below). 


The energy source for a sky lantern is usually a small 
piece of heavily wax-impregnated material. This is 
suspended by wires in the balloon’s bottom opening 
and burns to produce the energy that heats the air in- 
side the lantern, as shown below. (Thus, a sky lantern 
is not truly pyrotechnic in nature.) 
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While making an interesting, attractive and long- 
lasting display of dim light in the sky, these items 
pose two problems. If they perform as intended, they 
will eventually fall to the ground as litter, usually a 
long distance from where they were launched. If for 
some reason, the burning fuel source falls free or the 
balloon lands while the fuel source is still burning, 
there is serious potential for setting a fire quite re- 
mote from the point of launch. Based on this concern, 
sky lanterns are banned in some jurisdictions. 


Historical: Sky lanterns reportedly date to the 3" cen- 
tury (i.e., the Three Kingdom Period) in China, and 
they were used as a very early military signaling de- 
vice. Large versions, typically called Mongolfier bal- 
loons or fire balloons, were common in 19" century 
European firework displays and instructions for mak- 
ing them are included in some 19" century firework 
books (e.g., Kentish, 1878). Smaller versions were 
offered for sale by British firework manufacturers 
well into the 20" century. Some of these balloons 
were quite elaborately shaped, in the form of animals, 
comic figures and air ships as well as in the more 
conventional shape shown on the label below: 


BALL OON 


FOR Parone PARTY OR FETE 


METHYLATED Pelee 
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Today, sky lanterns continue to be used for amuse- 
ment and are said to be used to carry wishes (that of- 
ten are written on them) to heaven. Even today in the 
Orient they are sometimes flown in great numbers as 
part of celebrations and festive occasions. They are 
self-illuminating and have the advantage of being rel- 
atively biodegradable, compared to balloons filled 
with helium. They are prohibited in Australia, where 
they are regarded as an unacceptable fire hazard. 


SKY MINE — A single-break star shell that has an espe- 
cially strong cylindrical case, except for one end that 
is weakly formed. Accordingly, when the shell per- 
forms, the entire contents of the shell burst forth 
through the weak end of the shell. This produces a 
conical display very much like a ground-level fire- 
work mine, except that it occurs at least moderately 
high in the sky. 


To cause the shell to be oriented properly with its weak 
end closure aimed upward, the shell will often have a 
drogue line (essentially a length of rope) attached to 
the bottom of the shell, or some other means will be 
provided for keeping it in the proper orientation. The 
aerodynamic drag thus produced causes the shell to 
travel in a mostly upright direction, even if it tumbles 
for a short time immediately after leaving the mortar. 


Sky mines are usually designed to perform when the 
shell has only reached approximately one third of a 
shell’s normal height. This is accomplished by using 
a shorter than normal time fuse. Sky mines are typi- 
cally only of modest size (3 to 6 inch, 75 to 150 mm). 


SKYROCKET - See firework rocket type, basic (stick 
rocket). 


SLAPPER DETONATOR - See detonator (exploding foil 
detonator). 


SLAT — See rail, firework. 

SLENDERNESS RATIO — See fineness ratio. 
SLIDER — See spit devil. 

SLING PSYCHROMETER — See psychrometer. 


SLIVER (rocketry) — The portion of the propellant re- 
maining in the rocket case at web burnout. 


SLOW MATCH - A heavy cord treated by a process 
that causes the cord to bum very slowly (ie., to 
smolder) with a dull red glow. Slow match was tradi- 
tionally made by soaking cordage (preferably flax or 
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hemp) for several hours in a solution of wood-ash 
kept just below boiling point. The potassium car- 
bonate contained in the wood-ash dissolved the lignin 
from the rope. This had the effect of greatly reducing 
the formation of ash during the burning of the slow 
match. After cooling, the rope was very thoroughly 
rinsed with clean water, with the addition of vinegar 
to neutralize any remaining potassium carbonate. Af- 
ter a final rinse with clean water and drying, the rope 
was ready for use. 


High quality slow match burned with the formation 
of a pointed ember, without producing sparks or ash. 
In the 19" century it was common to impregnate the 
boiled rope with lead acetate, made by dissolving 
litharge (1.e., lead(ID) oxide) in vinegar. The lead evi- 
dently aided the combustion, as match treated in this 
way was Said to burn hotter than untreated slow match. 
It burned at about 4 inches (200 mm) per hour. 


Historically, slow match was used in matchlock mus- 
kets, before the development of flintlocks. It was also 
the source of ignition for firing cannons aboard ships, 
as well as for field artillery. 


The use of nitrates to treat the cord, often suggested in 
modern descriptions of slow match, is actually unde- 
sirable because nitrates increase the rate of burning and 
promote ‘sparking’ of the burning tip. The confusion 
has probably arisen because cotton cord impregnated 
with potassium nitrate and/or lead nitrates (thus mak- 
ing the treated cellulose cord somewhat similar to 
touch paper) has been used as a slow fuse (i.e., fuse 
rope) to ignite pest and predator control devices over 
an extended period. Fuse rope is different both in 
preparation and application from traditional slow 
match. 


Historical terminology: There is some confusion in the 
naming of various ignition materials because of 
changes in terminology over many years. Below is a 
chart comparing different names commonly applied to 
these ignition products for at least the past 50 years, 
versus the names used more than 100 years ago. 


Quick match 


Historical Name 


a) The current product described as fuse rope is only simi- 
lar to the historical slow match in its burn rate but not in 
its manner of preparation or use. 


SLOW PORTFIRE — See portfire. 
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SLOW SOUND RESPONSE — See sound pressure level 


measurement, 


SLUG (mass) — An English unit of mass. It is a part of 
the foot-pound-second system of units, in which the 
pound is a unit of force. A slug is approximately 
equal to 14.59 kg. 


Multiply © To Obtain 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


SLUG (small arms) — Jargon for a bullet (see cartridge). 
SLUMP (rocketry) — See propellant slump. 


SLURRY (pyrotechnic manufacturing) — A semi-liquid 


mixture of finely-divided solid with a liquid, contain- 
ing enough liquid to permit the mixture to be poured 
or spread. A similar mixture that contains less liquid 
and thus cannot flow or spread without the applica- 
tion of mechanical force is referred to as dough. 


Slurries are extremely important in several pyrotech- 
nic manufacturing processes. In traditional firework- 
making, the liquid used to prepare a slurry is nearly 
always water; consequently, the oxidant is at least 
partially dissolved and is deposited on the insoluble 
fuel particles when the slurry dries. This promotes in- 
timate mixing of fuel and oxidant, and it helps to bind 
the particles together. Furthermore, if a water-soluble 
binder (e.g., dextrin, gum Arabic or glutinous rice 
starch) is included in the composition, the slurry will 
dry to form a somewhat hard, solid mass that adheres 
well to the substrate to which the slurry was applied. 
Slurries of Black Powder or polverone in water, con- 
taining a small percentage of water-soluble binder, 
are used for coating cotton strings to make black 
match, and for general pyrotechnic priming purposes. 


Slurries are also essential in the manufacture of all 
types of matches. Match heads are made by dipping 
the tips of matchsticks into a slurry of match head 
composition, and the striking surfaces are applied to 
match containers in the form of a slurry. As these 
processes are carried out by automated machinery, 
much effort has been applied to develop slurries that 
have the necessary flow characteristics. 


Wire-cored sparklers are manufactured by dipping 
wires into an aqueous slurry of sparkler composition. 
Careful control of the composition of the slurry and 
of its temperature is required to achieve a smooth 


Encyclopedic Dictionary of Pyrotechnics 


coating of the requisite even thickness, without pro- 
truding lumps of composition. 


In the manufacture of toy pistol caps and party poppers, 
application of the composition as a slurry permits the 
safe use of a composition (Armstrong’s mixture) that 
would otherwise be too sensitive for practical use. 


The manufacture of some military infrared flares in- 
volves quite complicated use of slurries, with the suc- 
cessive use of different liquid media and carefully con- 
trolled stirring, etc., to produce granulated composi- 
tions that are subsequently consolidated into flare 
bodies by hydraulic pressure. Details are disclosed, for 
example, in US Patent 6,427,599 awarded in 2002 to 
American inventors Philip L. Posson and Albert J. 
Baggett, Jr. 


SLURRY EXPLOSIVE -— See water gel. 
SLURRY PRIMING — See prime application technique. 


SMALL ARMS - Firearms primarily designed to be car- 
ried and fired by one person, as distinguished from 
heavy arms or artillery. 


Historical: At first, small arms were tiny, hand-held 
cannons fired by placing a small flame or glowing 
ember at its touchhole. In the matchlock (the first real 
small arm), a lever (i.e., trigger) was used to move 
the smoldering end of slow match to the touchhole. 
In its successors, the wheel lock and flintlock, a 
spark-producing mechanism ignited the gunpowder. 
Some early weapons of this kind were the musket, 
which fired from the shoulder, and the pistol, which 
was held and fired with one hand. The rifle, invented 
in the 15" century, is a firearm with a rifled bore (i.e., 
with spiral grooves that impart a spinning motion to 
the bullet, which provides it with greater accuracy). 
Rifles first came into widespread use in the American 
colonies, but rifles did not quickly replace smooth- 
bored weapons. 


SMALL-ARMS AMMUNITION — See ammunition, 
small-arms. 


SMALL-ARMS CARTRIDGE — See cartridge. 
SMALL-ARMS PRIMER - See primer, small-arms. 
SMALL BEE - See bee, firework. 


SMALL LEAD CYLINDER TEST and SMALL LEAD 
BLOCK TEST — See explosive output test (Hess Test). 
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SMILING FACE SHELL or SMILEY FACE SHELL — 
(Also happy face shell) — A spherical, aerial display 
shell (a type of pattern shell) designed to produce a 
shell break in which the stars are dispersed to form a 
crude image of a face with two eyes and a smiling 
mouth. A series of images of the performance of such 
a Shell is shown below. 


SMOKE -— An airborne suspension of solid particles, as 
distinct from fog, in which the suspended particles 
are liquid. It is not unusual for theatrical fog effects to 
be incorrectly described as smoke or smoke effects. 


Smokes usually have a particle size less than approx- 
imately 0.001 inch (25 micrometers). A subclass of 
smoke is fume, which is differentiated by particle 
size, with fume particles defined as being less than 
0.0004 inch (10 micrometers). The reason for the dis- 
tinction is that upon inhalation of smoke and fume 
particles by a person, fume particles are carried deep- 
er into the lungs. 


Smoke from burning organic substances (e.g., cloth, 
wood or cigarettes) or from burning pyrotechnic mix- 
tures (mostly inorganic chemicals) is typically a mix- 
ture of fume and larger particles dispersed in air, 
mixed with combustion gasses. It is necessary to con- 
sider smoke toxicity when people will be exposed to 
the smoke. 


Smokes are of two types, chemical smoke and physi- 
cal smoke, depending on how they are produced (see 
smoke generation mechanism). 


SMOKE BALL — See smoke device, toy. 


SMOKE, BLACK — Usually produced by the production 
of elemental carbon as an aerosol. This is typically 
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accomplished by the substantially incomplete com- 
bustion of a hydrocarbon fuel, preferably one having 
ahigh carbon-to-hydrogen ratio. For smoke-generating 
pyrotechnic compositions, anthracene [C4Hio] is often 
used as the fuel. A black smoke composition (formu- 
lation 1) for cut stars is presented below. Formulation 
2 is a black version of military HC smoke that has 
been used for screening (i.e., the obscuring of poten- 
tial targets). 


Formulation —| Parts by Weight 
Ingredient | 


1) Shimizu, 1981. 2) Ellern, 1968. 


Significant quantities of black smoke can also be 
produced by a gas mine in which a liquid fuel (e.g., 
gasoline or diesel fuel) has been modified by the ad- 
dition of naphthalene flakes [CioHs] and/or motor oil. 


SMOKE CHARGE (proximate audience) — A pyrotechnic 
preload that produces a modest flash of light in the 
course of producing a puff of smoke, not unlike that 
produced by a binary com- 
position in a puff pot. One 
example ofa smoke charge 
(listed by its supplier with- 
ina range of spark-produc- 
ing devices) is shown at the 
right. 


The performance of this device, over a 0.3 second time 
interval, in a nearly dark room is shown below. The 
flash of fire extends to a height of approximately 2 feet 
(600 mm) with the puff of smoke initially extending to 
approximately 3 feet (1m) and then drifting upward to 
at least 6 feet (2 m) before beginning to significantly 
dissipate. 
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SMOKE, COLORED -— An 


SMOKE, CHEMICAL — See smoke-generation mecha- 


nism. 


SMOKE CLOTH — A small square of burlap (often 4 x 


4 inches, 100 x 100 mm) that has been treated chemi- 
cally to smolder when ignited, thus producing smoke 
with no flame. The rate of propagation is roughly 2 
inches (50 mm) per minute. Smoke cloth may be used 
to create a minor white smoke effect on stage or for 
motion pictures. For example, a small piece in an ash 
tray will simulate the effect of a burning cigarette, or 
small pieces scattered on 
the ground in the area of a 
supposed airplane crash or 
other fiery event, creates an 
appearance of many small 
smoldering fires. 


An example of smoke cloth 
is shown at the right and 
includes a close-up of the 
cloth in the upper right. 


An example of a small 
piece (originally approxi- 
mately 2 by 2 inches, 13 by 
50 mm) of smoldering 
smoke cloth is shown at the 
right. 


Smoldering organic mate- 
rials, including burlap, pro- 
duce a wide variety of air- 
borne chemicals (see smoke 
toxicity). 


airborne suspension of particles that has the ability to 
selectively reflect a portion of the visible light spec- 
trum. The result is that the light reflected from the 
suspended particles appears colored. In modern for- 
mulations, these particles are typically organic dyes 
that have been pyrotechnically vaporized and allowed 
to condense. There are also several inorganic sub- 
stances that can be used to produce colored smoke. 
For example, elemental iodine, as well as red and yel- 
low arsenic sulfides can be vaporized to produce col- 
ored smokes. For the condensed smoke particles to be 
most effective in producing intensely-colored smoke, 
it is important that they not agglomerate into larger 
clumps of particles or significantly decompose during 
vaporization. The same number of dye particles is 
shown agglomerated and dispersed in the illustration 
below. 
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Agglomerated 
Particles 


Dispersed 
Particles 


3 


No Gas Production 


With Gas Production 


An effective mechanism to help prevent agglomeration 
of dye particles is to produce a large quantity of gas 
in the process of vaporizing the dye. 


A common pyrolant for colored smoke is a combina- 
tion of potassium chlorate and lactose. The use of po- 
tassium chlorate is critical because it allows for an 
ignition temperature lower than the decomposition 
temperature of the dyes. The use of lactose 
[Ci2H24012] is important, partly because of its low ig- 
nition temperature with potassium chlorate [KC1O3], 
but also because it produces copious amounts of gas 
upon burning: 


8 KCIO3 + Ci2HwOn > 
8 KCl + 12 H:O(g) + 12 COxg) 


The burning of one mole of lactose (360 g, 12.7 oz.) 
produces 24 moles of gas, which occupies a volume of 
538 L (~19 cubic feet) at STP. (See smoke-generation 
mechanism.) Finely powdered sucrose (1.e., confec- 
tioner’s sugar) can be used instead of lactose. 


SMOKE COMPOSITION — A pyrotechnic composition 
primarily intended to produce smoke. The smoke 
produced may vary from white to black, but often it 
is colored. 


SMOKE COOKIE - A solid pellet of smoke composi- 
tion. A cookie is typically about 4 inches (200 mm) 
in diameter and 0.5 inch (13 mm) thick. It burns with 
a smoldering reaction at a rate of roughly 2 inches 
(50 mm) per minute to produce a colored or white 
smoke effect. Colored smoke cookies contain smoke 
dyes to produce a physical smoke (see smoke genera- 
tion mechanism). An example of a colored smoke 
cookie is shown below. 
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Depending on the amount 
and duration of the smoke 
needed, the cookie can be 
broken into several smaller 
pieces and/or ignited in 
more than one spot. An ex- 
ample of a smoldering 
piece (approximately 2 by 
1 inch (13 by 25 mm) of an 
unusual smoke cookie is 
shown at the right (upper). 
It is unusual in that it pro- 
duces a yellow smoke that 
quickly changes to red 
(lower). 


It should be noted that many smoke dyes are suspected 
(or known) carcinogens. Smoldering organic materials 
produce a wide variety of airborne chemicals (see 
smoke toxicity). White smoke cookies often include 
ammonium chloride [NH4Cl] as the smoke chemical. 
While ammonium chloride smoke is widely consid- 
ered to be low hazard, it is worth noting that as a 
smoke material, it produces ammonia [NH3] and hy- 
drogen chloride [HCl]. Most of the ammonia and hy- 
drogen chloride recombine as ammonium chloride; 
testing has shown that tiny amounts of the ammonia 
and hydrogen chloride persist in the smoke. (See 
smoke, heater-coil.) 


SMOKE DEVICE, TOY — A consumer pyrotechnic de- 


vice consisting of a small case filled with a smoke- 
producing composition. The case is typically either 
cylindrical or spherical. In the US, toy smoke devices 
classified as a consumer firework are limited to 100 g 
of pyrotechnic composition. Toy smoke devices that 
contain no more than 5 g of pyrotechnic composition 
are classified as a novelty, in the US. 
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When a toy smoke device first ignites, it is common 
for it to emit a brief burst flame before producing a 
more prolonged jet of smoke. In the AFSL standard 
for these devices, this initial burst of flame is de- 
scribed as ‘first fire’. This can be seen in the series of 
images below. The first image (on the left) is of a 
smoke ball held in a laboratory clamp; next is of its 
burning fuse; next is of the brief jet of fire (the ‘first 
fire’); and finally (on the right) the jet of colored 
smoke can be seen. 


It is appropriate to consider smoke toxicity when peo- 
ple will be exposed to smoke, especially colored 
smoke. 


smoke ball — A toy smoke device with a spherical 
casing (as shown below) is among the most popular 
of all consumer smoke devices in the US. In large 
part, this is because their classification as a novelty, 
which often allows them to be available even in ju- 
risdictions that ban the sale and use of consumer 
fireworks. 


Conia me 2 ae ae) E PS 

Smoke balls are often constructed like cherry bombs; 
instead of exploding, they produce a relatively dense 
cloud of colored smoke for a period of 5 to 20 sec- 
onds. Manufacturers often coordinate the color of the 
smoke ball covering to the approximate (if somewhat 
less intense) color of the smoke the item produces. 
The smoke produced by one set of smoke balls is 
shown below (white, orange, yellow, green, blue and 
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purple, from left to right). The colors are acceptable 
but not as intense or pure as is possible with higher 
quality devices, such as those used for military sig- 
naling. 


consumer firework smoke device — In the US, a 
toy smoke device with a case filled with more than 5 
grams of a smoke-producing composition. The case 
is typically cylindrical. A collection of three consumer 
firework smoke devices are shown below; also, in- 
cluded for comparison, are two smoke balls. 
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SMOKE DRAGON (fireworks) — See aerial shell name 


and description (specific). 


SMOKE DYE - Intensely colored organic chemicals 


(i.e., dyes) with characteristics that allow their use in 
producing pyrotechnic physical smokes (see smoke- 
generation mechanism). A smoke dye needs to have a 
relatively high decomposition temperature (typically 
in excess of 300 °C), and it must readily vaporize at a 
temperature less than its decomposition temperature. 
A collection of various smoke dyes is presented be- 
low. Often two (or more) smoke dyes can be com- 
bined to adjust the smoke color produced. 
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Smoke Dye () 
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a) CAUTION: Many smoke dyes are carcinogens or sus- 
pected carcinogens. 


SMOKE EFFECT -— In the past, real smoke from smol- 
dering organic material was generated on stage as a 
special effect, and these effects are still occasionally 
used. For example, devices (resembling bee-smokers) 
that burn frankincense, tobacco and other combusti- 
bles may be used. 


A type of white smoke (i.e., heater-coil smoke) is 
produced by sprinkling ammonium chloride [NH4Cl] 
crystals onto a heated surface. Pyrotechnically sup- 
ported smoke effects may be produced in relatively 
small and sustained amounts by smoke cloth and 
smoke cookies. Electronic cigarettes, in which pro- 
pylene glycol is used to create the smoke effect (more 
correctly termed a fog effect), are now sometimes 
used to replace burning tobacco on stage. Larger, but 
shorter duration, smoke effects can be produced with 
theatrical smoke pots. 


Safety note: All types of smoke can produce adverse 
health effects (see smoke toxicity). 


SMOKE, FUNGICIDAL — Smoke produced for the pur- 
pose of limiting or killing fungal infestations. This 
smoke is produced by pyrotechnic compositions that 
volatilize fungicidal chemicals as a vapor that then 
condenses as smoke. Fungicidal smoke is particularly 
useful for treating crops in greenhouses. 


Fungicidal smoke compositions consist of a gas- 
generating pyrolant that burns at a temperature ade- 
quate to vaporize the fungicide, but not so hot as to 
destroy it. This technology is very similar to that used 
to produce colored pyrotechnic smokes, insecticidal 
smokes and smokes dispersing harassing agents. Ex- 
amples of some fungicidal smoke formulations are 
presented below. The fungicides in these formula- 
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tions are subject to regulation and may be prohibited 
in some jurisdictions. 


Formulation >| Parts by Weight 
Ingredient | (1) | (2) | (3) | (4) 


a) 2-p-Chlorophenyl-2-(1H-1,2,4-triazol-1- 
ylmethyl)hexanenitrile. 
3-(3,5-dichlorophenyl)-1 ,5-dimethyl-3- 
azabicyclo[3.1.0]hexane-2,4-dione. 

1) Taylor, 1955. 2) Bodo, 1962. 
3 and 4) Cho, 1995. 


b 


~— 


Pyrotechnically-generated fungicidal smoke has ad- 
vantages over fungicidal aerosols produced by con- 
ventional mechanical spraying. These include con- 
venience of application, the ease of controlling the 
applied dose, and reduction of exposure to operators 
from the aerosol (i.e., they can light the fuse and get 
out of the area). The dry aerosol particles produced 
pyrotechnically are extremely small, are carried by 
the air throughout the area to be treated and are de- 
posited throughout the foliage of treated plants. This 
contrasts with the larger, heavier aerosol droplets 
produced by spraying, which tend to be more local- 
ized in their action. 


SMOKE-GENERATION MECHANISM — There are two 
basic mechanisms to produce smoke. These are de- 
scribed as producing a chemical or a physical smoke. 
The term smoke is frequently used to describe both 
solid and liquid particles dispersed as an aerosol. 
While smoke is the correct term for an aerosol of sol- 
id particles, the correct term for an aerosol of liquid 
particles (i.e., droplets) is fog. 


chemical smoke — Smoke particles produced as the 
result of a chemical reaction. Chemical smokes can 
be divided in those produced pyrotechnically and 
those produced non-pyrotechnically. 
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Pyrotechnic chemical smoke: The smoke produced 
by burning almost any pyrotechnic composition is an 


example of pyrotechnic chemical smoke. Most often, 
smoke is an undesirable by-product of the use of py- 
rotechnics; occasionally the smoke is useful for ob- 
scuring an event, such as when performing a magic 
trick. The burning of Black Powder produces approx- 
imately 45% of the mass of powder as smoke (mostly 
potassium carbonate [K2COs3], see Black Powder com- 
bustion products). The burning of most flash powders 
produces 100% of its products as smoke. For exam- 
ple, the most commonly used flash powder is com- 
posed of a nearly stoichiometric mixture of potassium 
perchlorate [KClO,4] and fine aluminum [Al]. This 
flash powder produces only solid reaction products 
(potassium chloride [KCl(s)] and aluminum oxide 
[Al,O3(s)]) at room temperature: 


3 KC1lO4g + 8 Al > 3 KCl) + 4 ALOx) 


A test of the explosivity of a theatrical flash powder 
(shown below) demonstrates the production of chem- 
ical smoke. The upper left image is a moment before 
the explosion; below that is the initial stage of the 
explosion; to the right is the volume of smoke pro- 
duced (all images are at the same scale). 


Non—pyrotechnic_ chemical 
smoke: An example of a 


non-pyrotechnic chemical 
smoke is when ammonia 
gas [NH3(g)] and hydrogen 
chloride gas [HCl(g)] mix to 
form a white smoke com- 
posed of particles of solid 


ammonium chloride 
[NHa4Cls)]: 
NH3(g) + HCl) > 


NHgClos) 


A laboratory demonstration 
of this is shown at the 
right; the vapors emanat- 
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ing from small containers of concentrated hydrochlo- 
ric acid and a concentrated ammonia solution are 
combining to produce a rising trail of ammonium 
chloride smoke. 


This type of smoke effect is relatively safe and easy 
to achieve as a laboratory demonstration; because of 
the caustic nature of the two liquids, and the noxious 
nature of their non-reacted vapors, it is not practical 
for use as a special effect. 


A similar product is A-B smoke liquid (shown be- 
low), where acetic acid has apparently replaced the 
hydrochloric acid. While the nature and concentration 
of the components are a trade secret, it is highly likely 
that their usage may require personal protective 
equipment and the presence of an eye wash station 
for use in the event of an accident. 


me) 
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physical smoke — Physical smoke consists of parti- 
cles produced as a result of the temporary vaporiza- 
tion of the smoke-producing substance without a sig- 
nificant change in its chemical nature. For example, 
when a solid smoke dye is heated to the point where 
it is vaporized and then allowed to cool, it condenses 
(as an aerosol) to produce a smoke composed of tiny 
solid dye particles. Physical smokes are usually pro- 
duced by a pyrotechnic smoke generator. 


In fireworks: Essentially all modern colored smoke is 
a physical smoke, produced as a result of vaporizing 
a smoke dye that is capable of withstanding relatively 
high temperatures without decomposing. Examples 
of consumer firework smoke balls are shown below. 
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In special effects: The common white smoke, pro- 
duced using a fog machine with fog liquid, is some- 
times considered to be an example of a physical 
smoke, but the correct term for an aerosol of liquid 
droplets is fog. Two examples of true special effect 
smoke materials are smoke cloth and smoke cookies. 


Safety Note: All types of smoke can produce adverse 
health effects (see smoke toxicity). Because of the in- 
halation hazard, oils should not be used to make 
physical smoke special effects in the presence of 
people. 


SMOKE GENERATOR, PYROTECHNIC — A pyrotech- 
nic device intended to produce and disperse smoke. 
Some desirable characteristics of an effective smoke 
generator are illustrated below in cross section. 


<—— Condensed Smoke 


<———— Adiabatic Cooling Taking 
Place as Gas Escapes 


Vaporized Smoke 
Burning Surface 


Canister 


Smoke Composition 


Especially with organic dye colored smokes, it is use- 
ful to have a void space above the surface of the 
smoke composition to allow the combustion products 
(and vaporized smoke dye) to cool some before exiting. 
Further, adiabatic cooling of the exiting gas is ac- 
complished by having a relatively small exhaust hole 
that causes a pressure drop in the gas as it exits the 
smoke generator. Such cooling helps prevent the 
smoke dye from being burned (i.e., destroyed) as it 
mixes with oxygen in the air. 


Providing an empty central core in the composition 
increases the burning surface area (i.e., increases the 
smoke production rate). It also reduces the buildup of 
an ash layer and thus makes it more likely that the va- 
porized smoke dye will escape unburned. 
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An example of a smoke 
generator is shown at the 
right. 


This device is used by un- 
screwing its cap to expose 
the smoke exhaust opening 
and an ignition mechanism 
(typically a pull-wire ig- 
niter). Some units of this 
basic design are buoyant 
and are intended for use as 
marine signals. 


Smoke compositions can 
be divided into two basic 
types, physical and chemi- 
cal smokes (see smoke- 
generation mechanism), 
depending on how the smoke is produced. Physical 
smoke compositions can be further divided by the na- 
ture of their primary smoke component (organic dyes 
or inorganic compounds). Not included in this classi- 
fication scheme are explosively-dispersed dust 
clouds, which may be colored and may initially ap- 
pear similar to a smoke cloud. 


Physical_ organic smoke dye composition: These 
compositions are used to produce a colored physical 


smoke with an organic smoke dye. A typical example 
of this type of composition is presented below. 


Ingredient Parts by Weight 


a) Sodium hydrogen carbonate, by its decomposition, low- 
ers the flame temperature and increases gas produc- 
tion. 


Three specific formulations for smoke compositions 
(Weingart, 1947) for yellow (1), green (2) and dark 
red (3) smoke are presented farther below. 


These smoke compositions operate by vaporizing the 
smoke dye as the pyrolant burns. Then, as these va- 
porized substances cool, they condense as an aerosol 
of solid particles (i.e., smoke). The color of the 
smoke depends on the choice of smoke dye (or com- 
bination of smoke dyes). 


Of necessity, potassium chlorate [KCIO3] is com- 
monly used as the oxidizer in colored smoke devices. 
This is because smoke dyes, being complex organic 
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Formulation —]| Parts by Weight 
Ingredient | (1) | (2) | (3) 


molecules, have low thermal decomposition tempera- 
tures. Unlike other common firework oxidizers, the 
ignition and reaction temperatures of smoke compo- 
sitions based on potassium chlorate can maintain 
temperatures less than the decomposition temperature 
of common smoke dyes. (The decomposition temper- 
ature of smoke dyes is often little more than 300 °C.) 
When smoke dyes decompose, they fail to produce 
colored smoke and instead tend to simply burn as a 
fuel, often with the production of gray smoke. 


Another means of keeping the reaction temperature 
of a smoke composition low is for the pyrolant to 
have a high fuel to oxidizer ratio. For example, in a 
chlorate-based colored star composition, the fuel to 
oxidizer ratio is often less than approximately 0.4 to 1, 
whereas in a typical smoke composition the ratio is 
approximately 0.8 to 1. This has the effect of reduc- 
ing the amount of thermal energy (i.e., heat) that is 
produced as the pyrolant burns. The large amount of 
fuel also has the desirable effect of producing more 
gas to disperse the smoke and to help keep the con- 
densed smoke particles from agglomerating. 


The reaction temperature is also kept low by includ- 
ing an especially large amount of smoke dye (approx- 
imately 50%) in the composition. As the smoke dye 
is vaporized, it consumes much of the heat being 
produced by the pyrolant. Finally, including a ther- 
mal buffer such as sodium hydrogen carbonate [Na- 
HCOs] acts to limit the reaction temperature. It does 
so through its endothermic decomposition at tem- 
peratures less than the decomposition temperature of 
typical smoke dyes. 


The choice of lactose as the fuel is also important. It 
has a low ignition temperature with potassium chlo- 
rate and produces copious amounts of gas as it burns. 
The abundant gas production aids in preventing ag- 
glomeration of the smoke dye as it condenses (see 
smoke, colored). 
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Physical inorganic smoke composition: These com- 
positions produce a physical smoke from an inorganic 


smoke substance. The two formulations typical of this 
type of composition are presented below (Shimizu, 
1981). Formulation 4 is for white smoke stars and 5 
is a yellow smoke. 


Formulation —| Parts by Weight 
ingredient 


Note: The presence of sulfur dioxide [SOz2] and arse- 
nic(II) sulfide [As4S4] in the smoke produced by these 
compositions presents serious health hazards. 


These smoke compositions operate primarily by va- 
porizing sulfur in the first case and arsenic(II) sulfide 
in the second case. As these vaporized substances 
cool, they condense as an aerosol of solid particles. 
As an aerosol, their color appears lighter (i.e., whiter) 
than the bulk substance used to produce them. There- 
fore, the light-yellow sulfur, as an aerosol, appears 
white and the orange arsenic(II) sulfide, as an aero- 
sol, appears yellow. 


Because inorganic smoke substances survive high 
temperatures, there is no need to take measures to re- 
duce the reaction temperatures of the smoke compo- 
sitions that generate them. 


Chemical smoke composition: These compositions 
produce smoke particles that are products of a chemi- 


cal reaction. The two formulations below are typical 
of this type composition for a white (6) and black (7) 
smoke composition. Formulation 8 is an example of a 
pink-colored chemical smoke composition. 


Formulation —| Parts by Weight 
Ingredient | 


a) Potassium iodate [KIO3] {CAS 7758-05-6}. 
b) Potassium chromate [K2CrO.] {CAS 7789-00-6}. 
6 and 7) Shimizu, 1981. 8) Ellern, 1968 
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The white smoke particles (formulation 6) are pri- 
marily finely-divided potassium carbonate [K2COs3], 
the black smoke particles (7) are primarily finely- 
divided elemental carbon [C], and the pink smoke 
particles are a mixture of finely-divided iodine [I] 
(violet-red) mixed with various oxide particles (white). 


As with inorganic physical smokes, reaction tempera- 
ture is not of consequence for chemical smokes. 


SMOKE GRENADE - See grenade. 


SMOKE, HEATER-COIL — A 
type smoke effect consist- 
ing of powdered ammoni- 
um chloride [NHsCl]. The 
effect is produced by simp- 
ly heating a pan or other 
object, containing a small 
amount of ammonium chlo- 
ride, to above the sublima- 
tion temperature of the 
ammonium chloride (ap- 
proximately 340 °C). When 
the vapors condense (or 
chemically recombine), a 
fine, white smoke is pro- 
duced. An example is shown at the right. 


Although the smoke is white, the artful use of colored 
lighting can make it appear colored. 


Safety: The production of heater-coil smoke is the re- 
sult of the reversible chemical reaction: 


NHaCls) > NH3(g) + HCl) > NHaCls) 


Heater-coil smoke is widely considered to be low 
hazard; nonetheless, ammonium chloride smoke is ir- 
ritating, and it is best not to inhale it. 


SMOKE, INSECTICIDAL — Smoke produced for the 
purpose of repelling or killing insects. The smoke 
from fires has been used to deter insect pests in 
dwellings and around campsites since the earliest 
times. Some plant materials (for example, the dried 
flower-heads of the pyrethrum daisies, Chrysanthe- 
mum cinerariifolium and C. coccineum) have long 
been bummed for the insecticidal properties of their 
smoke. The insecticidal properties of pyrethrum are 
said to have been discovered in the 14" or 15" century 
in southeastern Europe. In 1880 the Swiss-American 
pyrotechnist, inventor and businessman, Jacob J. 
Detwiller (1834-1910) was granted a patent (US 
232,695) for an insecticide pastille consisting of dried 
pyrethrum flowers formed into cylinders (or other 
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convenient form) with the aid of gum binders. Car- 
bon and potassium nitrate were included, presumably 
to assist the combustion (formulation 1, below). Ac- 
cording to Detwiller, ‘ignition of one of these pas- 
tilles will disengage such fumes and gases, which, 
when acting upon mosquitoes and other insects in a 
closed room, will render them harmless or cause their 
destruction’. 


Formulation > Parts by Weight 
Ingredient | fame (6) 


renege cerns paecirrnsene 


a) (1r,2R,3S,4r,5R,6S)-1,2,3,4,5,6- 
hexachlorocyclohexane. 

b) 1,1,1-trichloro—2,2—di(4—chlorophenyl)ethane. 

1) Detwiller, 1880. 2) Manix, 1906. 

3) Flanders, 1948. 4) Dinsdale, 1951. 

5) Hutchison, 1956. 6) Peer, 1953. 


Five years after Detwiller’s patent, the Japanese entre- 
preneur Elichiro Ueyama (1862-1930) independently 
invented an incense stick containing pyrethrum pow- 
der for repelling and destroying mosquitoes. Sticks of 
practical length did not burn for a sufficient length of 
time, and, in 1895, Ueyama’s wife Yuki suggested 
that the incense should be made not as a stick but as a 
spiral, thus inventing the well-known mosquito coil. 
Commercial production of these coils began at 
Ueyama’s factory in Japan in 1902. Such coils re- 
main popular in many parts of the world to the pre- 
sent day, despite modern concerns about the risk of 
lung cancer inherent in inhaling their smoke. 
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An early example of a pyrotechnic composition in- 
tended to be employed as a fumigator for disinfecting 
purposes or for destroying insect vermin was patented 
in 1906 (US 811,074) by American inventor Mathew 
J. Manix. His composition (formulation 2, above) 
seems to be a mixture of 4 parts of a red fire compo- 
sition with an additional 5 parts of sawdust, but it does 
not contain any specifically insecticidal compounds. 


Pyrotechnic compositions designed to volatilize in- 
secticidal chemicals were the subject of many patents 
from the 1940s and onwards. These compositions 
consisted of a gas-generating pyrolant that burned at 
a temperature sufficient to vaporize the insecticide, 
but not so hot as to destroy it. This technology is very 
similar to that used to produce colored pyrotechnic 
smokes and smokes that disperse harassing agents. 
Examples of such insecticidal smokes (formulations 
3 to 6) are included in the above table. 


All the formulations are 
presented for historical in- 
terest only. Chlorinated hy- 
drocarbon insecticides, 
such as those used in for- 
mulations 3 to 6, are prohib- 
ited in many jurisdictions 
because of concerns about 
their toxicity and their per- 
sistence in the environment. 
Insecticidal smoke pellets 
made from formulation 5, 
or a similar formulation, 
were commonly sold in the 
UK and Australia in the 
1960s under the trade name 
Gammexane. Two smoke- 
generating pellets and the 
container in which they 
were sold are shown at the right. 


OnE @ 


Formulation 5 is based on the same technology as the 
fuel pellets used in the once-popular Jetex amateur 
rocket motor. 


Pyrotechnically-generated insecticidal smoke has ad- 
vantages over insecticidal aerosols produced by con- 
ventional mechanical spraying. These include con- 
venience of application, the ease of controlling the 
applied dose, and reduction of exposure of operators 
to the aerosol (i.e., they can light the fuse and get out 
of the area). The dry aerosol particles produced pyro- 
technically are extremely small and are carried by the 
air throughout the area to be treated. This contrasts 
with the larger, heavier aerosol droplets produced by 
spraying, which tend to be more localized. 
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Insecticidal smoke is particularly useful for treating 
crops in greenhouses and for protecting agricultural 
buildings and stores from infestation. Modern insec- 
ticidal smokes are formulated to maximize the effi- 
ciency of conversion of the pesticide to aerosol and to 
minimize the formation of incidental smoke or nox- 
ious gases from the combustion of the pyrolant. Fa- 
vored insecticides are natural pyrethrum derivatives 
or synthetic pyrethrum analogs of low mammalian 
toxicity. 


Examples of modern insecticidal smoke generators are 
described by French inventors Patrick Barruer, Alain 
Fauconnier and Pierre-Regis Carle in their 1988 pa- 
tent (US 4,777,032). Their insecticidal smoke com- 
position consists of 2 grams of special paper, 0.8 mm 
thick consisting of 65% nitrocellulose fibers (13.8% 
nitrogen), 34% cellulose fibers and 1% stabilizer, im- 
pregnated with 0.4 grams of pyrethroid as the active 
agent. 


An insecticidal smoke generator sold in Australia in 
the early 21" century is shown below. The composi- 
tion was contained in a plastic bag inside the can. It 
was ignited with a fuse that was exposed when the lid 
was opened. 


PROTECTOR 


INSECTICIDE SMOKE 


ACTIVE CONSTITUENT: 47.59/kg PERMETHRIN 


icrouP | 3A [INSECTICIDE | 
co | of ants, flies, fle 


SMOKELESS POWDER and SMOKELESS PROPEL- 


LANT — Generic terms for various propellants, used in 
firearms and artillery, that produce very little smoke. 
They are traditionally based on nitrocellulose and 
may be described as a single-, double- or triple- 
based. Single-based propellants consist primarily of 
nitrocellulose; double-based propellants contain ni- 
troglycerin as well as nitrocellulose, and triple-based 
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propellants contain the previous two explosives plus 
nitroguanidine. (For more information see propellant 
type.) Smokeless powders and propellants usually also 
contain small amounts of organic and/or inorganic 
modifiers to improve storage stability and burn char- 
acteristics. Unlike Black Powder, smokeless powder 
produces very little visible smoke upon burning. It is 
used in small-arms ammunition, military ammunition 
and propellant-actuated devices. 


In fireworks: Smokeless powder for many years had 
only very limited application in fireworks. Flakes 
(approximately 5 mm x 5 mm x | mm) of surplus 
military propellant have been used in Chinese fire- 
work fountains. The propellant flakes were flung into 
the air to produce unusually large, flaming sparks. 
The material prepared for use in firearms cannot be 
used as a direct substitute for Black Powder because 
it burns far too slowly unless it is burned under high 
pressures such as those generated in weapons and ac- 
tuators. Recently, Chinese researchers have devel- 
oped ways of utilizing smokeless powder recovered 
from obsolete military ammunition as a replacement 
for Black Powder in fireworks. For example, in 2003, 
a patent application was filed by Zhang Jiaxian that 
disclosed the compositions presented below. 


Formulation —/} Parts by Weight 
(1) |_@) 


These mixtures were blended, compressed into sheets 
and made into | to 1.5-mm pellets. It was claimed 
that this material propelled aerial shells to heights 
20% greater than those achieved with the same mass 
of Black Powder, with less noise and no smoke. It 
was also claimed that the material was safer to handle 
than Black Powder; the known carcinogenic proper- 
ties of ammonium dichromate were not discussed. 


In special effects: Smokeless powder is the main in- 
gredient in most pyrotechnic flame projectors. It is 
also used for specialized colored stars, and for smoke 
and spark generation with various additives. 


In pyrotechnic manufacturing: Single-base, smokeless 
powder has been used as a convenient source of nitro- 


cellulose for making nitrocellulose lacquer. Acetone, 
methyl ethyl ketone or a mixture of acetone and either 
amyl acetate or butyl acetate can be used as the sol- 
vent. This lacquer, mixed with polverone, may be used 
to make a fast-drying prime composition. It also finds 
some use as a binder, especially in strobe compositions. 
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SMOKELESS POWDER TYPE (gun powder) — A class 


of gun powder (1.e., propellant) typically containing 
nitrocellulose, often trinitro-glycerol (i.e., nitroglyc- 
erin) and occasionally other energetic materials. Usu- 
ally, it will also contain small amounts of organic 
and/or inorganic modifiers, which serve to improve 
storage stability, handling properties and/or burning 
characteristics. 


Smokeless powders are usually categorized as single- 
double- or triple-based powders (see below). Further, 
while they are typically described as smokeless 
‘powders’ in the US and a few other countries, much 
of the rest of the world describes them as smokeless 
‘propellants’. Several smokeless powder types are 
described further below. (Also, a number of addition- 
al propellant types are included in the entry propel- 
lant type (rocketry).) 


Historical: The history of smokeless powders begins 
in the mid-19" century with the development of the 
process for the nitration of cellulose from various 
sources (see nitrocellulose (historical)). The first was 
guncotton, the product of the nitration of cotton, but 
the burn rate of guncotton, when burned under con- 
finement, was so great that small arms of the day 
could not survive the chamber pressures developed 
by its use. 


Subsequently, some gun powders, best described as 
semi-smokeless powders (see powder type), were de- 
veloped. The principal shortcoming of these new gun 
powders was not that they produced some smoke, al- 
beit significantly less than Black Powder; rather it was 
that they had high burn rates when burned under con- 
finement. The result was that these low-smoke gun 
powders could only be safely used in straight-bore 
small arms, such as shotguns. Their use in cannons 
greatly reduced the safe service life of the weapons. 


The problem of too fast a burn rate was solved in 
1884 with the development of Poudre B (see below), 
the first practical single-base smokeless powder (see 
below). This was accomplished by more completely 
colloiding the nitrocellulose with diethyl ether and 
paraffin. This was followed by the development of 
Ballisite (1887), Maximite (1889) and Cordite (ca., 
1890), (see below), the first of the double-base 
smokeless powders. Triple-base smokeless powders 
were not introduced until the 1930s, mostly for use in 
large-caliber weapons. 


ball powder — A type of small-arms propellant, 
usually double-base, that is manufactured in the form 
of small spheres typically not larger than 0.03 inch 
(0.8 mm). 
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The process of manufacturing ball powder was stimu- 
lated by the desire to reprocess military stocks of early 
smokeless powder left over from World War I. The 
process involves the dissolution of the surplus pow- 
der in an organic solvent, followed by the formation 
of an emulsion with water. By controlling the condi- 
tions, an emulsion can be produced that consists of 
spherical globules of the size desired. The organic 
solvent is then removed by evaporation. 


Ball powder was first used to load military small 
arms cartridges in World War II. The process of 
manufacture of ball powder proved to be so efficient 
that it continued to be used. 


Ballistite and Maximite — The first double-base 
smokeless propellants for small arms. 


In 1887 Swedish entrepreneur Alfred Nobel (1833- 
1896) patented ‘Ballistite’ (French 185,179) a gelati- 
nized mixture of equal parts of nitrocellulose and tri- 
nitro-glycerol (i.e., nitroglycerin), formulation 1 be- 
low. This composition formed a pliable mass that was 
rolled into a thin sheet between two heated rollers, 
where upon the benzol solvent evaporated. The sheet 
was then cut into flakes. 


Formulation —| Parts by Weight 
Ingredient Honen 


(1) Nobel, 1891. (2) Maxim, 1890. 
a) See nitrocellulose for a discussion of its solubility. 
b) Commonly described as nitroglycerin. 


c) This could refer either to benzene or to a solvent de- 
rived from coal tar, consisting mostly of benzene. 


d) A solvent to assist in the gelatinizing (i.e., colloiding) of 
the mixture. 


e) Amount not specified. 


At approximately the same time, American-British 
inventor Hiram Stevens Maxim (1840-1916) received 
patents (1889, British 4477 and 1890, US 434,049) 
for a composition that was known as ‘Maximite’ 
(formulation 2 above). Maximite reduced the amount 
of trinitro-glycerol. This is because, in higher per- 
centages, it tended to exude from the powder grains 
and caused erosion of the gun barrel. The purpose of 
the castor oil was to provide some of the oxygen that 
would otherwise be provided by the trinitro-glycerol. 
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Poudre B — (Also poudre blanche, Poudre V, and 
Rottweiler Cellulose Pulver) — The first of the smoke- 
less powders (single-base), developed at nearly the 
same time (ca. 1884) by German entrepreneur Max 
von Duttenhofer (1843-1903) and by French chemist 
Paul Vieille (1854-1934). These inventors solved the 
burn rate problem associated with previous nitrocel- 
lulose-based, semi-smokeless powders (see powder 
type). This was accomplished by colloiding nitrocel- 
lulose (68% insoluble NC and 30% soluble NC, see 
nitrocellulose) with diethyl ether and 2% paraffin. 
The resulting mass was rolled into thin sheets, dried, 
and cut into flakes. Poudre B then had a sufficiently 
low burn rate to allow its use as the propellant in ri- 
fled small arms. 


cordite — An historic term for a range of British mil- 
itary propellants. The mixture was extruded in the 
form of thin strands (i.e., cords), which were cut to 
length for loading into cartridges. The cord-like na- 
ture of the product is said to have led to the name 
‘cordite’. Formulations for three early cordites are 
presented below. 


Formulation —| Parts by Weight 
Ingredient | (3) 


(1) C Schick, 1929. (2) Martin, 1915. (3) Washburn, 1930. 
a) Commonly described as nitroglycerin. 


b) Included to tilt the oxygen balance toward the formation 
of carbon monoxide (CO) rather than carbon dioxide 
(CO2) as latter was thought to be injurious to the barrel 
of the gun (Mottelay, 1920). 


c) Asolvent to assist in the gelatinizing (i.e., colloiding) of 
the mixture. 


d) Amount not specified. 


Formulation 1, ‘Cordite Mk 1’ (ca. 1889), was found 
to cause excessive erosion of gun barrels, and in 1902 
was modified to formulation 2, described as ‘Modi- 
fied Cordite’ or ‘Cordite MD’. During World War I, 
a shortage of acetone led to the development of for- 
mulation 3, ‘Cordite R.D.B.’ (from ‘Research De- 
partment Formula B’) in which less highly nitrated 
nitrocellulose was employed. This permitted the use 
of a mixture of ethanol and diethyl ether in pro- 
cessing the propellant. Other variations of cordite 
were subsequently produced, and the name was also 
applied to several triple-base propellants introduced 
during World War II. 
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Historical: Cordite originated under controversial cir- 
cumstances. In 1888 the British Government estab- 
lished an Explosives Committee to advise the War 
Office of technical developments in explosives, with 
a view to the introduction of new explosives for the 
British military. The committee included renowned 
British scientists Sir Frederick Augustus Abel 
(1827-1902) and Sir James Dewar (1842-1923). 
Nobel and Abel were long-standing friends and No- 
bel cooperated enthusiastically with the Committee. 


In 1888 the Explosives Committee started testing 
Ballistite (see above). Abel and Dewar objected to 
the use of camphor in Nobel’s powder, because of its 
volatility. Meanwhile, they proposed that experi- 
ments be made with highly nitrated, ‘insoluble’ gun 
cotton (see nitrocellulose). These led to the produc- 
tion of a powder having the composition shown as 
formulation 1 above. In 1889 Abel and Dewar filed a 
provisional patent application that was granted in 
1889 (British, 5614). The same specification was 
granted a patent in the US in 1889 (US, 409,549). 
These first patents did not specify any quantities for 
the ingredients of the explosive but claimed ‘an ex- 
plosive for ammunition manufactured by pressing 
blasting gelatin or compounds thereof through holes 
to form wires, cutting these wires into suitable 
lengths and packing in cartridge cases.’ 


Abel and Dewar’s patent was filed only a few weeks 
after the granting of Maxim’s British patent (4,477 of 
1889), which also described the extrusion of the mix- 
ture into ‘threads or thin strips’. An apparatus for do- 
ing this was patented by Maxim in 1887 (British, 
2628). Maxim later wrote that the first-known cordite 
was produced in conformity with that patent. 


On the recommendation of the Committee, the War 
Office decided to adopt cordite made according to 
Abel and Dewar’s specifications. Nobel’s Explosives 
Company, the owner of Nobel’s patent, saw this as an 
infringement of the patent and commenced what 
tured out to be prolonged and ultimately unsuccessful 
negotiations with the Government. Nobel then took the 
case to Court, where he was also eventually unsuc- 
cessful. Hiram Maxim also sued the Government on 
the grounds that its manufacture of cordite infringed 
his patent. Maxim’s case, too, was unsuccessful. 


double-base powder — (Also double-base propel- 
lant) — A homogeneous gun powder containing nitro- 
cellulose combined with a plasticizer or gelatinizer, 
most commonly trinitro-glycerol (i.e., nitroglycerin). 
A double-base propellant will almost universally con- 
tain a stabilizer to prevent its self-accelerating de- 
composition and may contain other additives as well. 
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Double-base powders are commonly used in small- 
arms ammunition, and double-base propellants are 
used in some military rockets. 


The use of a gelatinizer in a double-base propellant 
improves its handling characteristics during manufac- 
turing over those of single-base propellants. In addi- 
tion, the positive oxygen balance provided by tri- 
nitro-glycerol improves the performance of nitrocel- 
lulose, which has a negative oxygen balance. The re- 
sult is improved energy production upon burning. 
Nonetheless, additional small amounts of an oxidizer 
may be added to further improve the propellant’s ox- 
ygen balance. Historically, it was found desirable to 
keep the oxygen balance somewhat negative to re- 
duce erosion of the barrels of the guns. 


A composition for a double-base propellant is pre- 
sented below (“Encyclopedia of Explosives”). 


a) Rounded to the nearest percent or to one significant 
figure. 


b) Also, described as nitroglycerin. 
c) Ethyl-centralite {C17H20N20, CAS 85-98-3}. 
d) Diethyl phthalate {C12H1404, CAS 84-66-2}. 


Maximite — See above, Ballistite and Maximite. 


single-base powder — (Also single-base propellant) 
— The term applied to a gun powder (propellant) that 
contains nitrocellulose alone, without an energetic 
liquid plasticizer and/or gelatinizer such as trinitro- 
glycerol (i.e., nitroglycerin), which is a component of 
double-base propellants and triple-base propellants. 
Single-base propellants based on nitrocellulose have 
a negative oxygen balance and produce carbon mon- 
oxide [CO] as opposed to carbon dioxide [CO2] as a 
gas product. 


Nitrate esters, such as nitrocellulose, slowly decom- 
pose to produce nitric oxide [NO] and nitrogen diox- 
ide [NO] that will then react with the nitrocellulose 
to cause further and accelerated decomposition. For 
this reason, propellants containing nitrocellulose al- 
most universally contain a stabilizer (at less than 2%) to 
prevent its degradation. Some common stabilizers in- 
clude diphenylamine, nitro-diphenylamine and ethyl- 
aniline. 
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In addition to a stabilizer, a small amount of graphite 
for electrostatic charge suppression and lubrication, 
and a small amount of a plasticizer may be included. 
To facilitate the extrusion of single-base propellants, 
it is common to soften them with a solvent such as 
acetone, which is later recovered by evaporation and 
condensation. 


A somewhat typical composition for a single-based 
propellant is presented below (“Encyclopedia of Ex- 
plosives”). 


Ingredient Parts by Weight 


In rocketry: Single-base propellants have been used in 
small military rockets, but composites are preferred 
for larger rockets. Single-base propellants are not used 
in amateur rocketry. 


triple-base powder — (Also triple-base propellant) — 
The term applied to a gun powder (propellant) that is 
typically composed of a mixture of nitroguanidine par- 
ticles and a double-base propellant such as nitrocellu- 
lose and trinitro-glycerol (i.e., nitroglycerin). A some- 
what typical composition for a triple-based propellant 
is presented below (“Encyclopedia of Explosives’). 


Ingredient Parts by Weight ® 


a) Rounded to the nearest percent or to one significant 
figure. 


b) Commonly described as nitroglycerin. 


Triple-base propellants have the advantage of pro- 
ducing a lower adiabatic flame temperature than that 
produced by a single-base or double-base propellant 
providing equivalent ballistic characteristics. Triple- 


base propellants consequently cause less erosion of 


the gun barrels than either of the other types. 
SMOKE LIQUID -— See fog liquid. 
SMOKE MACHINE, THEATRICAL — See fog machine. 
SMOKE MATCH - See match, smoke. 


SMOKE MORTAR - A device to hold a smoke- 
producing charge of powder and to direct the smoke 
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produced. This is typically a tube attached to a base 
and is commonly described as a puff pot. 


SMOKE, PHYSICAL — See smoke-generation mecha- 
nism. 


SMOKE POT - A term with a variety of meanings. It 
can be a pyrotechnic device (i.e., a type of preload) 
used to create smoke during a performance. The ap- 
pliance described as a puff pot, when used to produce 
a smoke effect, may also be described as a smoke 
pot. Some toy smoke devices may be described as 
smoke pots. 


SMOKE, ROCKET EXHAUST — See exhaust smoke, 
rocket. 


SMOKE ROD, INSECTICIDAL — (Also Jacutin smoke 
rod, German ‘Jacutin Raucherstaébchen’) — A unique 
type of insecticidal smoke generator developed in 
Germany in the late 1950s for fumigating rooms to 
destroy insect pests. The active ingredient was lin- 
dane (the gamma isomer of hexachloro-cyclohexane), 
which was widely used in as an insecticide from the 
mid-1940s but is now banned or heavily restricted in 
many jurisdictions. 


An example made by the Austrian company 
Agrichem G.m.b.H of Linz is shown below. At the 
left of the photo is the matchbox-like container in 
which the devices were sold, three at a time. 


Photo credit: Alan Downer 


At the top right of the photo is a small sheet-metal 
stand, supplied in the box. According to the instruc- 
tions supplied with the smoke rods, the central tang is 
folded upwards in use (1, below), after ignition of the 
rod on its bottom end (2), it is held in place by having 
the tang inserted into the hollow core of the rod. 
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Illustration credit: From the “Instructions” 


Also, from the instructions: 
“Keep windows and doors closed for about half an hour 
after fumigation. For a medium room of 35-50 m3 
(about 4 x 4 m floor area), you will need 1 Jacutin 
smoke rod. For larger rooms use accordingly. Vacate 
rooms during the fumigation process! 
Do not expose ornamental birds (canaries, budgerigars 
and the like), aquarium fish or reptiles to the vapors. 
Keep away from children! Warning, Pest control 
agent!” 


Technical details of this device are disclosed in US 
Patent 3,042,580 awarded in 1962 to German inventors 
Ernst Jacobi and Hans Bremer of Darmstadt, Germany. 
The patent disclosed aerosol-generating compositions 
based on 1,5-endomethylene-3,7-dinitroso-1,3,5,7- 
tetra-aza-cyclooctane, which is also known as dinitro- 
so-pentamethylene-tetramine or DNPT. An example 
of the type of mixture that may have been used is 
presented below. 


Formulation —| Parts by 
Ingredient | Weight 


A granule consisting of this mixture was said to ‘re- 
act throughout without forming flames when ignited 
with a match and expels a smoke which contains y- 
hexachloro-cyclohexane.’ 


SMOKE SHELL — (fireworks) — An aerial shell produc- 
ing smoke effects, usually intended for daylight dis- 
plays. There are two rather different forms. In one 
type, the shell disperses pellets (i.e., smoke stars) or 
smoke generating inserts that leave trails of smoke. 
They produce chrysanthemum, willow and other easily 
recognized patterns much like ordinary shells that are 
designed to be displayed at night. 


In the second type, the shell produces a dense cloud 
of smoke that can be white, black or other color. In 
this instance, what appears to be smoke may not be 
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true smoke, but a dust cloud dispersed by a powerful 
explosive charge (a high explosive or firework salute 
powder). The materials used to produce the dust cloud 
can be any finely-powdered and thermally-stable col- 
ored substance (e.g., lamp black, certain brightly col- 
ored dyes, ultramarine blue and iron(II) oxide). 


SMOKE STAR — A small packet or pellet of smoke 


composition that is used in daytime shells and mines. 
The stars burn with little visible flame but leave trails 
of dense smoke that can be black, white or richly- 
colored. 


The smoke composition may be encased in a tube of 
tissue paper that has been rolled to form a very thin- 
walled, convolute-wound tube. As an alternative, the 
composition may be enclosed in a small paper or 
plastic casing. Japanese shell makers are well known 
for making high-quality smoke stars and shells. 


Smoke stars (often non-colored) are also used in mo- 
tion picture special effects. 


SMOKE TOXICITY — All complex organic substances 


burned to create smoke produce toxic chemicals in- 
cluding carcinogens. The classic example is ciga- 
rettes. The nicotine, in the amount delivered by a cig- 
arette, is potentially addictive but otherwise it is min- 
imally harmful. The carcinogenic (i.e., cancer- 
causing) substances in cigarette smoke are created 
during the combustion of the tobacco. 


Carcinogenic substances are found in the smoke of 
all burning organic substances, such as wood, resin, 
coal, oil and cloth. Studies of cooking fires, incense 
burned in churches and forest-fire smoke all report 
the presence of known carcinogens in the smoke. To 
know if the smoke from a theatrical smoke effect is 
toxic and/or carcinogenic, it is only necessary to 
know that complex carbon-containing compounds are 
burning. The critically important questions are the 
concentration of those chemicals in the smoke, the 
concentration of the smoke being breathed and the 
duration and frequency of exposure. 


The smoke from burning organic matter also produces 
most, if not all, forms of air contaminants: gases, va- 
pors and particles that are in the form of fumes, dusts 
and mists. There can be literally hundreds of chemi- 
cals in the smoke from burning organic matter, and 
there are no air-purifying masks approved for use 
with such combustion products and that entirely pro- 
tect a person exposed to such smoke. 


Pyrotechnic and chemical smoke, created by the com- 
bustion of inorganic chemicals, also contains toxic 
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and irritating substances. The smoke particles are often 
substantially alkaline or react with moisture in air- 
ways to create alkaline products. Ifair sampling is used 
to characterize the chemicals in the smoke, it is im- 
portant to test for both the products of combustion and 
the original components in the mixture; one cannot 
assume that pyrotechnic reactions are fully complete. 


Fume-sized particles condensed from chemical reac- 
tions are considered irritating and often toxic due in 
part to their small size. Fine particles (under 10 mi- 
crons in diameter) have been shown to be associated 
with adverse health effects, with still smaller particles 
(2.5 microns and smaller) being shown to be more 
harmful than larger ones. 


Theatrical smokes should never be created unneces- 
sarily and always under conditions of good ventila- 
tion. Actors and other personnel should always have 
access to the material safety data sheets on the prod- 
ucts of combustion. The hazards should be discussed 
in safety meetings with all personnel. In addition, au- 
dience members and children should not be exposed 
to smoke, or if they are minimally exposed, the levels 
experienced should be monitored and warnings 
should be provided before the exposure. 


SMOKING FIGURINE — A model representing a person 
or animal in the act of smoking, classified as a novelty 
toy or as a parlor firework. Such figurines have been 
sold at various times over the 20" century, and some, 
such as the Smoking Monkey, are still sometimes 
sold at magic shops and trick stores in the US and 
elsewhere. The Smoking Monkey consists of a plastic 
statuette of a monkey having black pupils and a 
round open mouth (shown below). The monkey may 
be of assorted colors including white, bright red or 
green. This item is accompanied with a small plastic 
bag containing five small, paper-wrapped cylinders 
that somewhat resemble miniature cigarettes. 


For use, a ‘cigarette’ is placed in the open mouth and 
is ignited, where it smolders for about 30 seconds 


Page 1132 


producing streams and 
sometimes puffs of smoke 
(shown at the right). 


The cigarettes are com- 
posed of several layers of 
white tissue paper wrapped 
around a rectangular piece 
of celluloid. The celluloid 
appears to be extruded; it 
is approximately 0.5 inch 
(13 mm) long, about 0.04 
inch (1 mm) wide and 0.01 
inch (0.25 mm) thick. It 
burns with a stream of 
white smoke, but some- 
times glows bright yellow 
for less than a second (as 
shown above) only then to 
return to a non-glowing 
condition. Sometimes 
these moments of bright 
glowing produce small 
smoke rings, but this is 
unpredictable. It is some- 
times necessary to blow 
out the flame that develops 
immediately after ignition 
of the cigarette or else the 
cigarette will be consumed 
very quickly and produce 
very little smoke. The con- 
cept underlying the ‘ciga- 
rette’ used by the Smoking 
Monkey and many earlier 
smoking figurines is dis- 
closed in a patent (US 
2,889,659, 1959) awarded 
to German inventor Alex- 
ander Virmond. Virmond’s 
company (PyroFAG) sold a range of smoking figu- 
rines, such as that shown at the right. The ‘cigars’ or 
‘magic cigarettes’ smoked by this figurine are shown 
farther below. 


Photo credit: Ogee's 
Antiques on Ruby Lane 


As disclosed in the patent, each cigarette consisted of 
a rod of celluloid wrapped with a covering of paper, 
the outer part of which had been soaked in potassium 
nitrate. On ignition, the celluloid rod bummed faster 
than the outer layer of paper, and thus burned down a 
little way inside the paper layer, whereupon its rate of 
combustion slowed for want of access to the air. A 
little later, the paper burned down to be level with the 
core, restoring the rapid combustion of the celluloid 
and so the process repeated. The invention also in- 
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 KLaffy 
Der kleine Raucher 
und 10 Stick : 
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Siam ty 


Magische Zigaretten 
oder Zigarren 
The tittle Smoker 
with 10 Magic Cigarettes 
or Cigars 
Le Petit Fumeur 
avec 10 Cigarettes ou 
Ciyares Magiques 


Photo credit: Ogee's Antiques on Ruby Lane 


cluded the provision of a 
perfumed layer in the outer 
wrapping, so that the over- 
all effect was the produc- 
tion of intermittent puffs of 
perfumed smoke. The in- 
clusion of perfume would 
not, of course, be necessary 
for the device to work. 


Pe He ser 
ine Ra 
Der We cick 


Smoking figurines have 
ranged from colorful porce- 
lain figures to inexpensive 
cardboard cut-outs. The 
porcelain figures, which 
now fetch high prices as 
collectibles, have depicted 
sailors, monks, upper-crust gents and various trades- 
men. A figurine of a bellhop is shown at the right. 


Photo credit: Ogee's An- 
tiques on Ruby Lane 


Evena dog could be made to smoke, as shown below. 


Ever see a pet smoking? 


Well, we did. 


Just insert a phantom cigaret in his mouth. 
He smokes and even blows rings. 


Ten cigarets on back of this card. 


Photo credit: Ogee's Antiques on Ruby Lane 
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Another type of smoking 
figurine is the ‘Smoking 
Sambo’ cardboard cut-out 
shown at the right. 


This racially insulting ‘toy’ 
was once common in the 
US. The ‘cigarette’ used 
with it was sometimes a 
firecracker; ifso, the smok- 
ing session ended with a 
bang. 


SMOLDER — (Also smoul- 
der) — An important self- 
propagating exothermic 
chemical reaction (i.e., 
burning) that occurs without the appearance of a flame 
(e.g., a burning cigarette). Smoldering is typically ac- 
companied by incandescence and, in most cases, by 
the production of smoke. 


In fireworks: Burning strobe stars alternate between a 
relatively prolonged smolder reaction (i.e., a dark re- 
action) in which little or no visible light is produced, 
and a flash reaction in which a bright, but short dura- 
tion, pulse of light is produced. 


For the most part, pyrotechnic sparks (especially char- 
coal sparks) could be classed as a smolder reaction. 
The burning of touch paper and punks are also smol- 
der reactions. The typical hangfire type of fuse mal- 
function occurs when a portion of the fuse smolders, 
only to eventually resume its normal (i.e., fast) burning. 


In special effects: Specially treated cloth (e.g., smoke 
cloth) and some compositions (e.g., smoke cookies) 
undergo smolder type burning. 


In civilian pyrotechnics: Fuse rope and the historically 
important slow match perform by smoldering. 


SMOOTHBORE — A tube that is smooth, without ri- 
fling, such as a musket or a firework mortar. 


SMPTE and SMPTE TIME CODE — Abbreviation 
for the Society of Motion Picture and Television En- 
gineers. See time code. 


SNAKE (fireworks) — (Also glowworm, or Pharaoh’s 
Serpent) — A consumer pyrotechnic device that con- 
sists of a small, usually cylindrical, pellet of a special 
composition that produces a long column of ash as it 
slowly burns, often without visible flame or only a 
minimal flame. Snakes are classified as a novelty in 
the US, providing they contain a maximum of 2 g of 


Page 1133 


composition. Snakes are usually available as individ- 
ual pellets and may be wrapped in a small square of 
tissue paper and sold in small boxes of six or more 
pellets, as shown below. 


=o 8 ” + 
4 1 
I 


eer 
H+ t4t4ti+ 


Sometimes each snake pellet is glued to a cardboard 
disk with a larger diameter than the pellet, giving the 
appearance of an old-fashioned top hat. These are de- 
scribed as hat snakes 


A snake is used by placing a pellet on a non- 
combustible surface, such as pavement, and igniting 
it directly with a match (there is no fuse). A relatively 
small pellet can produce a surprisingly long column 
of delicate black ash, in some instances, longer than 
three feet (900 mm). An example of a snake in the 
process of burning is shown below. 


Snakes are ineffective in even a moderate wind be- 
cause the column of ash is easily broken, destroying 
the effect of a snake rising out of the burning pellet. 
Some snake compositions burn witha small, yellowish 
flame, while others produce essentially no visible 
flame (as shown above). Typically, a black stain is 
left on the surface being used. Placing the snake on a 
layer of sand or soil facilitates cleanup. 


Formulations: Several rather different formulations 
can be used. The original formulation (1, presented 
below) was based on mercury(II) thiocyanate, which 
had the disadvantage of being extremely toxic. This 
white compound was formerly used in several novel- 
ties producing the snake effect. When mercury(II) 
thiocyanate was used, the elongated ash produced by 
the item, or the item itself, was usually referred to as 
Pharaoh’s Serpent. This possibly was in reference to 
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the Bible story in which the prophet Aaron engaged 
in a contest, involving magically-created serpents, 
with magicians in the employ of the Egyptian ruler. 
Often mercury(II) thiocyanate was formed into small 
oval pellets that were described as Pharaoh’s serpent 
eggs. Such eggs were used in Sooner dogs (an inter- 
esting, albeit rude, novelty) and other novelties. To- 
day, mercuric(II) thiocyanate snakes are illegal in 
most jurisdictions because of its extremely poisonous 
nature and the toxicity of its decomposition products. 


A different type of pyrotechnic snake was introduced 
in 1871 by Dr. G. Puscher (2, presented below). This 
consisted of a mixture of potassium dichromate, po- 
tassium nitrate and sucrose. This recipe continued to 
be published well into the 20" century, but its use of 
potassium dichromate makes it unacceptable by 
modern standards. 


As long ago as 1867 it was noted that sulfuric acid, 
when used to purify petroleum and tar oil, becomes 
very black in the process. If this black acid is treated 
with fuming nitric acid, a resin separates. When cold, 
the resin is dark brown and brittle. When burned, it 
yields a highly porous residue that expands even more 
than that produced by burning mercury(I) thiocyanate. 
This was described as a new Pharaoh’s Serpent. This 
seems to have been the first example of a pyrotechnic 
snake based on a nitrated organic resinous substance. 


Formulation — 
Ingredient 


a) Adding a ‘pinch’ of potassium nitrate and binding 
with a ‘weak solution’ of gum Arabic is recommended. 

b) Methyl-tetranitro-aniline. 

(1) Barnett and Roussille. 1865). (2) Puscher 1871. 

(3) Davis, 1940. WARNING: This actually is a list of in- 
gredients used in a rather complicated process; they 
are not simply mixed together. Doing so could result 
in a fire or explosion. Davis specifies fuming nitric 
acid having a specific gravity of 1.50. Thus the 7 mL 
that he specifies for 10 grams of pitch corresponds 
to 10.5 grams, as given above. 

(4) Shimizu, 1981. (5) Hardt, 2001. 
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In 1931 American inventor William F Gehrig re- 
ceived a patent for a pyrotechnic snake based on ni- 
trated beta naphthol pitch (US 1,830,392). The latter is 
a brownish-black solid, which melts at about 120 °C, 
and it is produced when crude beta naphthol is puri- 
fied by vacuum distillation. Gehrig did not claim that 
the use of this nitrated pitch was novel; rather, his in- 
vention was the substitution of the high explosive tetryl 
for the picric acid (see 2,4,6-trinitro-phenol) that was 
used as a gas-generating agent in earlier formulations 
of this type (see 3, above). The advantage was that 
tetryl, unlike picric acid, does not stain the skin yellow. 


Nitrated pitch is the basis of contemporary snake 
formulations (4 and 5, above). Various nitrated as- 
phalts, tars and pitches can yield satisfactory results, 
each having somewhat different burning and ash- 
producing characteristics. Beta naphthol can be used 
instead of the beta-naphthol pitch. Nitrocellulose is 
also an ingredient in some modern snakes. 


SNAKE IN THE GRASS (fireworks) — (Also Snakes- 
in-the-Grass, Volcano Snakes or Snake Nest) — This 
item consists of a foil cone enclosing a quantity of 
ammonium dichromate into which a snake pellet has 
been imbedded. Originally the snake pellet was a 
Pharaoh’s serpent egg, composed of mercury(II) thio- 
cyanate, but other kinds of snake pellets can be used. 
When the ammonium dichromate is ignited, it burns 
without a flame, producing dull red sparks and copi- 
ous amounts of fluffy green chromium(III) oxide. 
The snake pellet is ignited by the burning ammonium 
dichromate and a snake appears to mysteriously grow 
from the mass of green chromium(III) oxide. 


A modern version of a Snake Nest (described as 
Snake Escape) consists of a group of five cylindrical 
black snake pellets; each pellet is 0.4 inch (10 mm) 
long by 0.16 inch (4 mm) and weighs 1.7 g. The pel- 
lets are enclosed in an approximately 2-inch (50 mm) 
diameter by | inch (25 mm) deep cylindrical paper 
casing. The five snake pellets are glued onto a heavy 
paper disk positioned near the top of the cylinder, 
which is covered with some red glassine paper 
(shown below in two views). 


A slender piece of visco fuse ignites a quantity of a 
potassium perchlorate, resin-based colored fire com- 
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position, appearing as the light-colored composition 
surrounding the snake pellets. The pellets are ignited 
by the burning composition, and they produce long 
black snakes that grow from the fiery cylinder 
(shown below). 


SNAP (fireworks) — See snapper. 


SNAP, CRACKER - (Also snap or pulling cracker) — A 


noise-making device, primarily used in Christmas 
crackers and Waterloo crackers. 


A cracker snap is made from two strips of stiff paper 
(or light-weight card stock); typically, each strip is 
about 4 inch (6 mm) wide and perhaps 4 inches (100 
mm) long. An end of one (or both) of the strips is 
coated with a very small quantity of a friction- 
sensitive explosive, typically silver(I) fulminate. This 
is either mixed with, or placed next to, some sort of 
abrasive material, such as a mixture of finely-crushed 
glass, and held in place with a gum binder. Alterna- 
tively, the explosive may be coated on one end of one 
strip and the abrasive on one end of another strip. The 
two strips are placed end-to-end, with the coated ends 
adjacent and overlapping. Then the overlapped sec- 
tion is wrapped in a tight layer of pasted paper, so the 
two strips become a single, composite strip. Two 
views of a snap are shown below, with the lower im- 
age a close-up of the overlapped section. 


Photo credit: Tony Cardell 


When the ends of a cracker snap are pulled, the fric- 
tion of the abrasive material being pulled across the 
explosive material causes it to explode. The explo- 
sion takes place inside the wrapping that held the 
two-component strips together and makes a harmless 
pop (i.e., snap) sound. 
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Historical: Cracker snaps were originally described in 
the first quarter of the 19" century and were one of 
several exploding devices or ‘detonating works’ in- 
troduced following the discovery of silver(I) fulmi- 
nate by English chemist and sugar refiner Edward 
Howard in 1800 along with the development of a sat- 
isfactory method of preparing it in 1802 by the Italian 
chemistry professor Luigi Brugnatelli. 


Cracker snaps were evidently in use for amusement 
and for practical jokes long before their introduction 
as an essential component of Christmas crackers by 
English confectioner Tom Smith around 1860. 


In England during the World War II, cracker snaps 
originally intended for Christmas crackers were 
adapted to simulate small-arms fire for training pur- 
poses. British patent 526,558 (1940) issued to John 
Brigg describes an arrangement of two or more 
cracker snaps to produce successive explosions. 


SNAP PEA — See torpedo, firework. 


SNAPPER (fireworks) — (Also snap or throw-down) — 
A type of small firework torpedo, usually consisting 
of approximately 8 to 15 grains of coarse sand that 
have been coated with a trace amount of primary high 
explosive and wrapped tightly in a small rectangle of 
tissue paper. These devices make a sharp but harm- 
less cracking sound when thrown onto a hard surface, 
stepped on, or even just squeezed between one’s fin- 
gers. The amount of explosive is so minute that snap- 
pers are as about safe as anything that explodes can 
possibly be. Snappers are classified as a novelty in 
the US, providing they contain no more than 1.0 mg 
of silver(I) fulminate. 


Snappers normally are packaged in small cardboard 
boxes that contain a plastic bag filled with sawdust 
help to protect them from impacts that might cause 
them to explode prematurely (as shown farther below). 


Typically, the explosive used in these items is sil- 

ver(I) fulminate. Note the color change of the coarse 

sand grains shown below, before (on the left) and after 

the reaction has occurred (on the right). The staining 

of the post-reaction grains is a microscopically thin 

veneer of silver metal left behind from the decompo- 

sition of the silver(I) fulminate. 
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Historical: In the past, larger and more powerful items 
of this nature were available. Until the 1990s, items 
described as throwdowns were sold in the US. These 
were larger versions of snappers, having both more 
sand grains and a greater amount of silver(I) fulmi- 
nate on those grains. An example of this type of 
throwdown is shown below. 


In the more distant past, very much larger and more 
powerful devices were produced. (See torpedo, fire- 
work.) 
SNEEZE GAS -— See sternutator. 
SNOWBALL SPARKLER - See sparkler (glitter sparkler). 
SNOW MATCH - See match, firework (silver match). 
SNOW STICK — See metaldehyde. 
SNOW TABLET — Sce metaldehyde. 


So — Symbol for specific surface. 


SOCIETY OF MOTION PICTURE AND TELEVISION 
ENGINEERS — (Abbreviated SMPTE) -— ‘See time code. 
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SOCKET SIGNAL — A pyrotechnic signal used by crew 
members of vessels in distress at sea to attract atten- 
tion. This item is often confused with a signal rocket; 
in fact, a socket signal is more like a firework aerial 
shell. The signal was fired from a small mortar (de- 
scribed as a socket) attached to the rail of a ship. Be- 
fore the introduction of socket signals, ships had tra- 
ditionally carried a gun to make an audible signal of 
distress and rockets to make visible signals. The 
socket signal was first patented in England in 1878 
by Camille Faure and George Trench and assigned to 
the Cotton Powder Company, which had a factory at 
Faversham in Kent. The new signal had the advantages 
of being less bulky than a rocket or a gun and com- 
bined the audible and visible signals in the same unit. 


Central Tube for 
Igniter Fuse 


Wooden Cap 
Felt Disk 


Sheet Metal Case 


Black Powder 
Expelling Charge 


Socket signals typically reached a height of 600 to 
800 feet (180 to 240 meters) and exploded with a 
loud noise that could be heard from a great distance. 
The explosion was produced by a charge of tonite (a 
mixture of powdered nitrocellulose, barium nitrate and 
sometimes dinitro-benzene) or another high explosive 
in the signal’s ascending projectile. Some socket sig- 
nals also discharged several white-burning stars prior 
to the explosion. A diagram of the latter type of socket 
signal is illustrated farther below in cross section. 


Delay Detonator 


High Explosive 
Charge 


Wooden End Disk 


Time Fuse 


Black Powder 


There were two methods of firing a socket signal. One Lift Charge 


method used a special firing tube (supplied with the 
signal) that was inserted into an axial hole passing 
through the body of the signal and into the lifting 
charge. This firing tube was initiated by pulling vig- 
orously on a lanyard attached to a trigger mechanism, 
which resulted in the instantaneous firing of the signal. 
The other method was to insert a piece of Bickford 
fuse into the same hole as that used with the firing 
tube. The Bickford fuse was then ignited with a fusee 
match to produce a delayed initiation of the signal. The Signal is to be drop 


part being upwards. Remove the Ta: 


centre of the wooden top, a: 


Socket signals manufactured by the Cotton Powder will go. Hook on the lanya 
Company were used by the crew of the ill-fated Ti- js cg <> 
tanic in the disaster of 1912. 


instead of a . ype, and push the fuse 
i i down the hol igw@l and light the Fuse with 
Copies of the labels that appeared on a socket signal 4 blu ate 


made in Australia in the mid-20" century are shown there g@>no ro) ead to intereept the flight of the 


i Ss 

below. 8 mis , or failure to rise from the Socket 
happen thi any, een cause, the Signal should not be 
approached or han at least five minutes. 


The PHOENIX FIREWORKS Co. Pty. Ltd. Melbourne 


CAUTION.—Do not attempt to :: 
tamper with or open this Signal, 
nor to fire it except from the 
Socket supplied for the purpose. 


SODA and SODA ASH — See sodium carbonate. 
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SODA NITER — See sodium nitrate. 
SODIUM ALUMINO-SULFOSILICATE — See u/tramarine. 


SODIUM ALUMINUM FLUORIDE — See sodium hex- 
afluoro-aluminate. 


SODIUM AZIDE — [NaN3] — {CAS 26628-22-8} — (Also 
sodium trinitride or smite) 


Sodium azide is a commonly used component in au- 
tomobile airbag gas generators and as a reactant in 
the production of some azide primary high explosives 
(e.g., lead(ID) azide). It is produced by reacting sodi- 
um metal with ammonia and then with nitrous oxide. 
Sodium azide is colorless as crystals and white as a 
powder. It is extremely poisonous. 


Characteristic (a) 


Structural formula: 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV-Ceiling: 0.11 ppm (as HN3), 
0.29 mg/m? (as NaN3). IARC-4A: not classifiable as 
a human carcinogen. 


UN_ hazard classification: PSN: sodium azide; HC: 
6.1 — poison (UN1687). 


SODIUM BENZOATE — [C7HsNaO2]— {CAS 532-32-1} — 
(Also sodium salt of benzoic acid, benzoate of soda, 
sodium benzoic acid or antimol) 


Sodium benzoate is a fuel used in pyrotechnic whistle 
and other compositions. It is colorless as crystals and 
white as a powder. 


Structural formula: 
(see benzene ring) 
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a) Code for reference source, see preface. 
Health information: TLV: none established. 


UN hazard classification: not regulated. 


SODIUM BICARBONATE — See sodium hydrogen car- 
bonate. 


SODIUM CARBONATE — [Na2CO3]— {CAS 497-19-8} — 
(Also soda ash, Solvay soda; the decahydrate is 
washing soda; occurs as the hydrated minerals ther- 
monatrite, natron and natrite) 


Sodium carbonate is an effective burn rate modifier 
that has been used to reduce the burn rate of pyro- 
technic compositions. When used as a flame color- 
agent for yellow flame, it is so effective that only a 
small amount is needed. Unfortunately, sodium car- 
bonate is hygroscopic, absorbing moisture from the 
air to form hydrates. This, and its strongly alkaline 
nature, prevents its use in many pyrotechnic applica- 
tions in which its use might otherwise have seemed 
appropriate. Sodium carbonate is colorless as crystals 
and white as a powder. 


Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV: none established. 
UN hazard classification: not regulated. 


Chemical incompatibilities: Sodium carbonate is quite 
strongly alkaline, so it cannot be used in composi- 
tions that contain materials that deteriorate under al- 
kaline conditions. For example, sodium carbonate 
corrodes aluminum in the presence of moisture, so it 
would be unwise to include sodium carbonate in a 
mixture containing aluminum. 


SODIUM CARBOXYMETHYL-CELLULOSE - 
[NaCgH120s5]— {CAS 9004-32-4} —(Abbreviated CMC 
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or Na-CMC) — (Also cellulose gum, carboxymethy]- 
cellulose or Polycell™) 


Sodium carboxymethyl-cellulose is a water-soluble 
polymer. As a solution in water, it has thixotropic 
properties. It is useful in helping to hold the compo- 
nents of pyrotechnic compositions in aqueous sus- 
pension (e.g., in the making of black match). It is also 
an especially effective binder that can be used in 
small amounts in compositions, where the binder can 
interfere with the intended effect (e.g., in strobe com- 
positions). Its sodium content obviously precludes its 
use in most color compositions. Sodium carboxyme- 
thyl-cellulose is manufactured from cellulose by var- 
ious processes that replace some of the hydrogen at- 
oms in the hydroxyl [OH] groups of the cellulose 
molecule with acidic carboxymethyl [-CH2CO-OH] 
groups, which are neutralized to form the correspond- 
ing sodium salt. Sodium carboxymethyl-cellulose is 
white when pure; industrial grade material may be 
grayish-white or cream granules or powder. 


Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV: none established. 


UN hazard classification: not regulated. 


SODIUM CHLORIDE — [NaCl] — {CAS 7647-14-5} — 
(Also salt or table salt; the mineral halite) 


Sodium chloride has occasionally been suggested as a 
color agent for yellow flames; in practice, other sodi- 
um salts have been preferred. This might seem sur- 
prising, given the ready availability and low cost of 
sodium chloride, but the preferred sodium salts are 
either less hygroscopic (e.g., sodium hydrogen car- 
bonate and sodium hexafluoro-aluminate) or can dou- 
ble as an oxidizer (e.g., sodium nitrate) or supple- 
mentary fuel (e.g., sodium oxalate). Sodium chloride 
is colorless as crystals and white as a powder. 


Characteristic 


a) Code for reference source, see preface. 
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Health information: No occupational exposure limits 
values. 


UN hazard classification: not regulated. 


SODIUM FLUOALUMINATE — See sodium hexafluoro- 


aluminate. 


SODIUM HEXAFLUORO-ALUMINATE — [Na3AIFo] — 


{CAS 13775-53-6 or 15096-52-3} — (Also sodium 
fluoaluminate, trisodium hexafluoro-aluminate or so- 
dium aluminum fluoride; the mineral cryolite) 


Sodium hexafluoro-aluminate is a flame color-agent 
for the production of yellow flames (see colored-flame 
chemistry). It has the advantage over most other yel- 
low flame color-agents of being insoluble. Sodium 
hexafluoro-aluminate is colorless as crystals and white 
as a powder. 


a) Code for reference source, see preface. 
Health information: TLV-TWA: 2.5 mg/m’ (as F). 
UN hazard classification: not regulated. 


Historical: Cryolite was first mentioned in print 1799 in 
a notice of a presentation to the Royal Society of Sci- 
ences by Danish veterinary physician and naturalist 
Peder Christian Abildgaard (1740-1801). By 1822, 
Swedish chemist Jons Jacob Berzelius (1779-1848) 
had shown that cryolite consisted of sodium fluoride 
and aluminum fluoride in the molar ratios 3:1 and 
had made it synthetically. Cryolite was first intro- 
duced as a yellow color agent by the French chemist 
and pyrotechnist Paul Tessier (1816—-unknown) in 
1859. Two of Tessier’s compositions for yellow 
lances are presented below. 


Formulation —| Parts by Weight 
Ingredient | 


a) Sodium hexafluoro-aluminate 
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Modern pyrotechnic formulations: A few current pyro- 
technic formulations (Hardt, 2001) including sodium 
hexafluoro-aluminate are presented below. Formula- 
tion 1 is for a yellow lance composition. Formulations 
2 and 3 are for yellow stars, and formulation 4 is for 
orange stars. Formulation 5 is for a yellow flash 
powder. 


Formulation — 
| | = d 


a) 50:50, 200 mesh. 
b) Sodium hexafluoro-aluminate. 


SODIUM HYDROGEN CARBONATE — [NaHCO;] — 
{CAS 144-55-8} — (Also sodium bicarbonate, sodium 
acid carbonate or baking soda) 


Sodium hydrogen carbonate is used as a delay agent 
in glitter compositions (see glitter chemistry), as a 
yellow flame color-agent, as a cooling and gas- 
producing agent for colored smoke compositions (see 
smoke generator, pyrotechnic) and as a retarding 
burn rate modifier. It is colorless as crystals and 
white as a powder. 


Characteristic 


(d) = Decomposes, slowly starting at about 50 °C and 
much more rapidly at 200 °C. 


a) Code for reference source, see preface. 


Health information: TLV: none established. Sodium 
hydrogen carbonate is non-hazardous in routine in- 


Page 1140 


dustrial situations. It is not expected to present signif- 
icant health risks to the workers who use it. 


UN hazard classification: not regulated. 


SODIUM METASILICATE — [Na2SiO3, approximate] — 


{anhydrous, CAS 6834-92-0} — (Also sodium silicate 
or water glass) 


In the past, sodium metasilicate, in the form of water 
glass, was used extensively to make pyro-adhesive, 
for imparting fire resistance to the tips of paper cones 
or tubes, and as an adhesive for labels and cartons. At 
present, it is not commonly used except to fireproof 
the tips of cones for consumer firework fountains by 
dipping them into a solution of water glass. Pure so- 
dium metasilicate is a white solid. In industry, sodi- 
um silicate is typically available as water glass, a 
cloudy, colorless, viscous aqueous solution contain- 
ing sodium metasilicate along with various other so- 
dium silicates having higher silicon dioxide [SiO2] to 
sodium oxide [Na2O] ratios. 


Characteristic (a) 


a) Code for reference source, see preface. 
b) Soluble in cold water; reacts in hot water. 


Health information: TLV: none established. 


UN hazard classification: PSN: sodium trioxisilicate; 
HC: 8 — corrosive (UN3253). 


SODIUM MONOXIDE — See sodium oxide. 


SODIUM NITRATE — [NaNOs3] — {CAS 7631-99-4} — 


(Also sodium saltpeter, sodium salt of nitric acid, cu- 
bic nitre or nitrate of soda; as a mineral it is variously 
called, Chile saltpeter, Chile niter soda niter, nitratine 
(these are different names for the same mineral)) 


Sodium nitrate is a pyrotechnic oxidizer sometimes 
used as a yellow flame color-agent in fireworks. It is 
the principal oxidizer in the slower burming B- 
blasting grade of Black Powder (see Black Powder 
grade) and it is used in some commercial explosives 
to improve their oxygen balance. It is the oxidizer of 
choice for high intensity illumination flares. Sodium 
nitrate occurs naturally as the mineral Chile saltpeter. 
It is colorless as crystals and white as a powder. 
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[Characteristic 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV: none established. 

UN _ hazard classification: PSN: sodium nitrate; HC: 

5.1 — oxidizer (UN1498). 
SODIUM-O-HYDROXYBENZOATE — See sodium oxide. 


SODIUM OXALATE — [Na2C20,] — {CAS 62-76-0} — 
(Also ethandioic acid disodium salt, disodium ethan- 
dioate, disodium oxalate or disodium salt of oxalic ac- 
id) 


Sodium oxalate is used as a yellow flame color-agent 
and as a delay agent in glitter formulations (see glitter 
chemistry). It is colorless as crystals and white as a 
powder. 


Characteristic | Value | (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV: none established. 


UN hazard classification: Toxic solid, corrosive, or- 
ganic, n.o.s. (sodium oxalate); HC: 6.1 - poison inha- 
lation hazard (UN2811). 


SODIUM OXIDE — [Na2O] — {CAS 1313-59-3} — (Also 
sodium monoxide, disodium oxide or disodium mon- 
oxide) 


Sodium oxide is a decomposition product of sodium 
nitrate and is present in the smoke of many burning 
pyrotechnic compositions containing sodium com- 
pounds. It reacts violently with water to form highly 
corrosive sodium hydroxide (i.e., caustic soda). It is 
colorless as crystals and white as a powder. 
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Characteristic (a), 


(s) = sublimes. 
a) Code for reference source, see preface. 


Health information: TLV: 2 mg/m? (as NaOH). 


SODIUM SALICYLATE — [NaC7Hs03] — {CAS 54-21-7} 


— (Also salicylic acid, sodium salt of salicylic acid or 
sodium-o-hydroxybenzoate, sodium 2-hydroxy- 
benzoate, 2-hydroxybenzoic acid sodium salt) 


Sodium salicylate is a fuel used in pyrotechnic whistle 
compositions. It is colorless as crystals and white as a 
powder with a characteristic odor. 


Structural formula: 
(see benzene ring) 


Characteristic 


a) Code for reference source, see preface. 
Health information: TLV: none established. 


UN hazard classification: not regulated. 


SODIUM SILICATE — See sodium metasilicate. 


SODIUM SULFATE — [Na2SO.] — {CAS 7757-82-6} — 


(Also disodium sulfate, anhydrous sodium sulfate, 
sulfuric acid sodium salt; the mineral thenardite) 


Sodium sulfate is used as a high-temperature oxidizer 
in some yellow strobe compositions. It is colorless 
crystals and white as a powder. 
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Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV: none established. Sodium 
sulfate is relatively non-hazardous in routine indus- 
trial situations. 


UN hazard classification: not regulated. 
SODIUM TRINITRIDE — See sodium azide. 
SOFT BOMB (special effect) — See Black Powder bomb. 


SOFT BREAK -— (Also dump break) — The bursting of 
an aerial shell in such a way that the stars or other ef- 
fects are not violently dispersed. A soft-breaking 
shell may not necessarily be a dump shell, and it can 
produce a spherical burst, but the break is considera- 
bly less violent than that of a hard-breaking shell. A 
soft breaking shell may also be described (in Japa- 
nese) as a poka or pokamono shell. 


SOFT DETONATOR (special effect) — A detonator hav- 
ing no metal components or jacket. A soft detonator 
may be used to simulate a bullet striking an inanimate 
object. 


SOFTENING RANGE — A somewhat arbitrarily defined 
temperature range within which a material of a cer- 
tain type (e.g., plastic, glass or ceramic) becomes soft 
and noticeably viscous. Such materials have a soften- 
ing range rather than a sharp melting point. 


SOFT PARAFFIN — See paraffin (petroleum jelly). 
SOFT PILOT (flame effect) — See pilot (flame effect). 


SOFTWOOD -— Any coarse-grained wood such as fir, 
hemlock, spruce, pine or willow. In the past, willow 
was often used in making charcoal for Black Powder, 
and it was thought to be superior to charcoal made 
from hardwood. 


SOLAR IGNITER™ (rocketry) — See electric igniter 
(rocketry) (model rocket igniter). 


SOLDERING TOOL, CARTRIDGE-HEATED — (Also 
Mox soldering iron, Silex solder heat tool, Quik-Shot 


soldering iron, Thermite soldering iron) — A solder- 
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ing tool heated by the combustion of a pyrotechnic 
cartridge. Such soldering tools were used, for exam- 
ple, by linesmen and telecommunication technicians 
working in remote areas. 


According to Austrian Patent 92145 issued in 1923 to 
the Mox Company of Géteborg, Sweden, the inven- 
tion of such a soldering tool was originally disclosed 
in 1914, in Denmark (see cartridge, heat-generating 
for details of the inventors). Illustrations from the 
1923 Austrian patent are shown below. 


Illustration credit: Austrian Patent 92145 (1923). 


Figures 1 and 2 show a soldering iron, which has a 
copper head (a) attached to a metal rod (b) fitted with 
a handle (c). The copper head has a recess (d) to re- 
ceive a heating cartridge (e), which has an ignition 
port (f). Figure 3 shows the heating cartridge. A 
commercial Mox soldering iron, with its case, and in- 
struction sheet is shown below. A pack of heating 
cartridges (barely visible) and a heating cartridge, 
with its cross-shaped ignition point, are in the fore- 
ground. The heating cartridge was ignited by insert- 
ing a storm match into the ignition point (see car- 
tridge, heat-generating for details). 


Photo credit: Sina Hedvall. 
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According to the patent, the heating cartridge was 
advantageously a sheet metal box containing a com- 
pressed mixture of aluminum powder and iron oxide 
(i.e., Thermit) as well as a suitable ignition agent. 
Such a cartridge provided the amount of heat needed 
to bring the copper head to the correct temperature 
required for soldering. 


A different type of soldering tool, intended for the 
rapid soldering the ends of two wires together, was 
disclosed by Canadian inventor David Hughes Bot- 
trill in US Patent 1,607,508 issued in 1926. Illustra- 
tions of this device are shown below. 


Bg 
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Illustration credit: US Patent 1,607,508 (1926). 


The device consisted of a pair of molds (an upper 
mold 6 and a lower mold 7) held together by a pair of 
pivotally-connected handles (1 and 2). Each mold has 
a concave region (8 and 9); when the two molds are 
brought together by the action of handles, the two 
concave regions together form a cavity to receive 
molten solder through an orifice (13) that leads from 
a recess (12) in the upper mold. A pair of small ori- 
fices (10 and 11) formed with one half of each orifice 
in each of the two molds. Orifices serve to grip the 
two wires to be joined and hold the ends of these 
wires together, as shown in ‘Fig. 4’. The wires are 
soldered together by the action of a cartridge (14) in- 
serted in a recess (12). The cartridge contains a body 
of solder (16) surrounded by a heat-generating pyro- 
technic composition (not labelled) as indicated in ‘Fig 
3’. Upon ignition of the composition by a fuse (15), 
the heat generated by combustion of the pyrotechnic 
composition melts the solder, which then flows 
through orifice (13) into the cavity formed by the 
concave regions of the molds and surrounds the 
wires. When the device cools, the two molds are sep- 
arated by the action of pivotally-joined handles, re- 
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vealing the two wires united 
end to end by a neatly soldered 
butt joint. 


The need for the heating car- 
tridge of a soldering tool to be 
ignited with a match was re- 
moved by the invention dis- 
closed in US Patent 2,589,509 
issued in 1952 to Frank A. 
Petraglia of New York. The il- 
lustrations from this patent are 
shown to the right. 


The soldering iron (6) has a 
heat-resistant handle (7) that 
incorporates a spring-loaded 
firing plunger (16). The solder- 
ing tip (17) is attached to hol- 
low cylindrical body (10) that 
contains a heat-generating 
cartridge (11). The cartridge 
is fired by the impact action of 
plunger (16) and releases heat 
sufficient to bring tip (17) to 
the temperature required for 
soldering. Soldering irons 
made according to this patent 
were manufactured and sold 
under the name ‘Quik-Shot’ by 
the Kemode Manufacturing 
Co., Inc. The contents of a 
Quik-Shot soldering kit are 
shown below, where from left 
to right are: a box of 12 heat- 
generating cartridges, a clean- 
ing brush, the handle with its 
firing mechanism and_ three 
different soldering heads. 


wilt. He a 


Illustration credit: 
US patent 2,589,509 
(1952). 


Photo credit: Steve’s Antique Technology. 
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References to the Quik-Shot device as a ‘Thermite 
heated soldering iron’ are incorrect, as the pyrotech- 
nic mixture in the heat-generating cartridges was not 
Thermite but a special composition specified in US 
Patent 2,500,790 (see heat-generating cartridge). 


Cartridge-heated soldering tools apparently became 
obsolete in the late 1960s, possibly because readily- 
portable propane or butane gas cylinders permitted 
the use of less costly gas-heated devices. 


SOLDERING, JOINTING SLEEVE, SELF- —A miniature, 
easily portable pyrotechnic device used for making a 
highly reliable soldered joint between two electrical 
conductors. Ten of these small devices fit into an or- 
dinary matchbox, as shown below. Also, below is a 
cross-sectional drawing illustrating their construction. 


Photo Credit: Alan Downer 


Heat Generating 
Composition 


Safety Match 
Composition 


Solder Flared 


Copper Tube 


Flux 


The jointing sleeve is used by first stripping the insu- 
lation from the ends of the two wires and cleaning the 
conductors. With the wires fully inserted into the two 
ends of the sleeve, the striker surface is scraped across 
the red safety match composition, causing its ignition. 
In turn the heat-generating composition is ignited and 
melts the solder, allowing the two wires to be insert- 
ed further into the sleeve. The jointing operation is 
completed by cleaning any pyrotechnic residue from 
the exterior of the sleeve and electrically insulating 
the sleeve. 


Historical: Self-soldering, jointing sleeves were man- 
ufactured by a British match manufacturer during 
World War II for use by the Royal Corps of Signals 
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as field telephone line connectors. These devices 
were still in production in the late 1960s. 


SOLID — The physical state of a material that has a 


constant volume and shape, because its atoms or 
molecules are relatively tightly locked into fixed po- 
sitions, such as in a crystal structure. For practical 
purposes, any material with a melting point greater 
than approximately room temperature (68 °F, 20 °C) 
is commonly described as a solid. 


SOLID ANGLE — (Symbol: Q) — An angle measured in 


three-dimensional space. A solid angle has steradians 
as its units (abbreviated sr). A solid angle (Q, in ste- 
radians) is numerically equal to the surface area (s) of 
the projection of that solid angle onto the surface of a 
sphere divided by the square of the sphere’s radius (7): 


Q=s/r’ 


Thus, a solid angle sub- 
tending a full sphere has a 
solid angle of 42 sr, and a 
solid angle subtending an 
area equal to 7°, corre- 
sponds to | sr, as illustrated 
at the right. 


Although shown as a conical projection in the illus- 
tration, solid angles can and do take on irregular 
shapes to subtend irregular areas on the surface of the 
sphere; the total projected spherical surface (s) divided 
by 7” is the spherical angle. 


Luminous intensity and luminance are defined with 
reference to solid angles. 


SOLID COLORED FLAME EFFECT -— See flame pro- 


Jector. 


SOLID PROPELLANT — A solid composition that gen- 


erates gas for propelling a rocket or projectile, or for 
other purposes. 


SOLID PROPELLANT ROCKET MOTOR -— See rocket 


motor, solid propellant. 


SOLUBLE GLUTINOUS RICE STARCH — See rice starch. 
SOLUBLE NITROCELLULOSE — See nitrocellulose. 


SOLUBILITY — The physical property of a substance 


(described as the solute) to dissolve in another sub- 
stance (described as the solvent) to form a solution. 


Encyclopedic Dictionary of Pyrotechnics 


An example is table salt dissolving in water to from a 
solution (i.e., brine). 


Solubility is typically reported as either the amount 
(i.e., mass) of solute that will dissolve in an amount 
(i.e., mass or volume) of the solvent, or as a percentage. 
Solubility is temperature dependent, with increasing 
temperature almost universally resulting in greater sol- 
ubility. For example, the solubility of potassium ni- 
trate in water is 14 grams per 100 grams of water at 0 
°C, 38 g/ 100 g at 25 °C and 240 g/ 100 g at 100 °C. 


SOLUBILITY PRODUCT CONSTANT — (Also solubility 
constant) — (Symbol Ks,) — For an ionic compound in 
a saturated solution, it is the product of the molar 
concentration of the cation raised to the power of its 
stoichiometric coefficient in the salt, multiplied by the 
molar concentration of the anion raised to the power 
of its stoichiometric coefficient in the salt. For the 
theoretical salt C,Am, where the square brackets be- 
low denote molar concentration (i.e., moles per liter): 


Ky =[CP A)’ 


For example, the solubility product constants for the 
dissolution of barium nitrate [Ba(NO3)2] (Ks = 
[Ba’*][NO3 ]’) and barium carbonate [BaCO3] (Ksp = 
[Ba**][CO3* ]) in water are 4.6x10° and 2.6x10~, re- 
spectively. Thus, barium nitrate is relatively soluble 
while barium carbonate is almost insoluble. Such large 
differences in solubility can be used to purify com- 
pounds by recrystallization. 


For covalent compounds, which do not dissociate into 
ions, the solubility constant is simply the molar con- 
centration of the saturated solution of the compound. 


Because solubility is temperature dependent, the sol- 
ubility constant should specify the temperature for 
which it applies. If the temperature is not specified, it 
is assumed to be 25 °C. 


SOLUTE — A substance (usually a solid) dissolved in 
another substance (usually a liquid). For example, a 
salt (the solute) is dissolved in water (the solvent). 
For liquids dissolved in other liquids, the solute is 
considered to be the component of a solution present 
in the lesser amount. 


SOLVATION — The process of a substance (i.e., solute) 
being dissolved by another (i.e., solvent). 


SOLVAY SODA — See sodium carbonate. 


SOLVENT — A liquid in which another material is dis- 
solved. Solvents are typically divided into two 
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groups: water (i.e., aqueous) and all other liquids 
(i.e., non-aqueous). 


SOLVENT BONDING and SOLVENT WELD — See weld 
(solvent weld). 


SOLVENT ORANGE 2 — [Ci7Hi4N20] — {CAS 2646- 
17-5} — (Also C.I. Solvent Orange 2, C.I. 12100, 1- 
[(2-methylpheny])azo]-2-naphthol, toluene-2- 
azonaphthol-2 or oil orange SS) 


Solvent orange 2 is an oil-soluble dye used to pro- 
duce colored smoke. It is a reddish orange or dark or- 
ange powder. 


Structural 
formula: 
(see benzene ring) 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV: none established. Solvent 
orange 2 is a confirmed animal carcinogen. It metab- 
olizes to release o-toluidine, a known carcinogen. 


UN hazard classification: not regulated. 


SONE — The unit for the /Joudness of sound, on a linear 
scale of perceived loudness as judged by human sub- 
jects. A loudness of 1 sone is equal to a loudness level 
of 40 phons. Each doubling of loudness corresponds 
to a 10 phon increase in loudness level. Thus, loud- 
ness values of 1, 2, 4, 8, etc. sones correspond to 
loudness levels of 40, 50, 60, 70, etc. phons. 


SONIC BARRIER - (Also sound barrier) — The rapid 
increase in drag occurring when the speed of an ob- 
ject is near Mach 1 (1.e., the ambient speed of sound). 


SONIC BOOM -— The noise heard from the shock wave 
produced by an object traveling at or above the speed 
of sound. 
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SONIC FLASH POWDER - See flash powder type (the- 
atrical flash powder — concussion powder). 


SONIC FLOW — Fluid flow for which the Mach number 
equals 1, which corresponds to a rate of flow equal to 
the ambient speed of sound. 


SONIC NOZZLE — See nozzle type. 


SONIC POWDER - See flash powder type (theatrical 
flash powder — concussion powder). 


SONIC SPEED -— The speed of a body traveling at 
Mach 1. (See speed of sound and sonic velocity type.) 


SONIC VELOCITY TYPE — In working with gas flow and 
high-speed projectiles, it is convenient to categorize 
the flow velocity or projectile speed in terms of the 
speed of sound (i.e., sonic velocity) in the medium 
under consideration. The ratio of the velocity to the 
local speed of sound is designated the Mach number. 


The speed of sound under conditions of the US 
Standard Atmospheric (to three significant figures) is 
1120 feet/second (340 m/s) or 764 miles per hour 
(1220 km/h). For dry air, under conditions of stand- 
ard temperature and pressure (0 °C and 1 atmos- 
phere) the speed of sound is 1090 feet per second 
(332 m/s) or 741 miles per hour (1190 km/s). 


subsonic velocity — Velocity less than the local 
speed of sound, with a Mach number less than ap- 
proximately 0.9. 


transonic velocity — Velocity close to the local 
speed of sound, approximately in the range of Mach 
0.9 to 1.1. 


supersonic velocity — Velocity greater than the lo- 
cal speed of sound, but less than Mach 5 (five times 
the local speed of sound). 


hypersonic velocity — Velocity greater than Mach 5 
(five times the local speed of sound). At these speeds, 
the relative gas flow velocity produces significant 
aerodynamic heating. 


SON OF A GUN - See spit devil. 


SOONER DOG (fireworks) — (Also defecating dog and 
naughty dog) — A pyrotechnic toy, producing a visual 
effect that might be considered grotesquely humorous 
or offensively disgusting, consisting of a small statu- 
ette of a dog (about 2 inches, 50 mm long) in a defe- 
cating posture. An example from the mid-20" century 
is shown below. 
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To produce the effect, a small snake pellet, described 
as a Sooner Dog Egg, was inserted into a small open- 
ing below the tail of the dog and ignited. The result- 
ing ‘snake’ gave the appearance of the dog defecating 
in an absurdly productive manner. The white color of 
surviving specimens of the pellets suggests that they 
were based on mercury(II) thiocyanate. 


A modern version of a Sooner Dog (shown below) 
consists of a cardboard cut-out picture of a dog in a 
comparable stance; a fuse under the tail ignites an 
elongated pellet of black snake composition. 


Se ae 


— is 
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HH PEREEEEE EE {PREECE 
The Sooner Dog is but one of several similar devices 
introduced at various times since the late 19" century. 
Some of the earliest examples, produced in Germany, 
were miniature porcelain human figures described as 
choleraménnchen (little men with cholera) that per- 
formed in the same way as the Sooner Dog. Later 
variations included porcelain figures of Chinese men 
that were made to grow absurdly long pigtails, little 
elephants that grew long trunks, and porcelain pigs in 
which the serpentine growth could be interpreted ei- 
ther as a ridiculously long curly tail or as defecation. 
A US Design Patent awarded in 1879 to inventor 
Edward R. Ives described a toy based on the same 
principle, but, in this case, the grotesque humor was 
intended as a deterrent to tobacco-smoking. The toy 
was a figurine of a boy in a stooping position, hold- 
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ing a cigar between his fingers. The boy’s head was 
thrown forward and his mouth was wide open. The 
pyrotechnic ‘snake’ emerged from the boy’s mouth, 
giving the appearance of copious vomiting and thus 
warning of one of the presumed consequences of cigar- 
smoking. 


Illustration credit: Edward R. Ives, 1879 


soot — A mixture of carbon black and oily com- 
pounds resulting from the incomplete combustion of 
organic materials such as resins, oils, wood or coal. 
When the raw materials and conditions of burning are 
such that there are little or no oily products, the soot 
may be described as Jampblack or oil-free lampblack, 
respectively. 


SORBITOL — See glucitol. 


SOREL CEMENT — An adhesive mixture made by mix- 
ing magnesium oxide with an aqueous solution of 
magnesium chloride, and occasionally used as an ad- 
hesive in the manufacture of fireworks. The mixture 
sets to a hard, rock-like mass of magnesium hy- 
droxychloride. According to Ring and Ping (2007) 
the dominant setting reaction is: 


5 MgO + MgCl. + 13H,0 > 
5 Mg(OH)2-MgCh:8 H20 


They also found that cements formulated near the 
stoichiometric ratio of this reaction, e.g., 0.9 kg/L 
MgO (7.5 Ibs/gal) in 29% MgCl. brine, are the 
strongest. This type of cement was introduced in 
1867 by French engineer Stanislas Sorel (1803- 
1871). A similar cement can be made from the corre- 
sponding zinc compounds. 
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SORPTION — Taking up of gas by absorption, adsorp- 
tion, chemisorption or any combination of these pro- 
cesses. 


SOUND BARRIER — See sonic barrier. 


SOUND LEVEL and SOUND PRESSURE — See sound 
pressure level. 


SOUND PRESSURE LEVEL — (Abbreviated SPL) — A 
measure of the pressure disturbance produced by 
sound (relative to ambient pressure). Sound pressure 
level is typically reported in units of decibels (dB), 
which is derived from the ratio of power levels or 
pressure levels and reported on a logarithmic scale. 


Some reasonably typical sound pressure levels (peak- 
linear readings) are presented below. Sound pressure 
levels vary somewhat from test to test for the same 
sound source and especially for products from differ- 
ent manufacturers. 


dB ®) 


a) To convert to SI units in some table entries, 1 inch = 25 
mm. 

b) Typical values are reported to the nearest 5 dB in an at- 
tempt to account for differences between individual 
tests and different manufacturers. Impulse sounds are 
reported as peak levels with linear weighting (see 
sound pressure level measurement). 


c) For persons with normal hearing. 

d) Measured at the ear of the shooter with the device in its 
normal firing position. 

e) Sound pressure level directly under the shell burst oc- 
curring at its normal altitude. Average sound pressure 
levels tend to be moderately higher for larger size aerial 
shells. 
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f) Sound pressure level recorded at 10 feet (3 m) from the 
mortar. Levels are greater at lesser distances as well as 
for larger aerial shells. 

Sound pressure level, for a typical full load of concus- 
sion powder, recorded at 6 feet (1.2 m) from the con- 
cussion mortar. 

Sound pressure level recorded at 4 feet (1.2 m) froma 
typical salute suspended 3 feet (0.9 m) above the 
ground. 


aS 


g 


h 


= 


SOUND PRESSURE LEVEL, AERIAL SHELL — The 
acoustic impulse (i.e., sound pressure level, SPL) 
produced by the firing and performing of an aerial 
shell. Measurements of SPL permit the objective as- 
sessment of the noise that can be expected from the 
use of aerial firework shells. The tables below present 
SPLs produced by medium-size (3 to 6 inch, 75 to 
150 mm) high-quality, spherical, aerial star shells 
from several Chinese manufacturers (principally An 
Ping, Sunny and Lidu). 


mortar firing SPL — This is the SPL produced by the 
sudden release of lift gas pressure as an aerial shell 
leaves the mortar. The SPL depends principally on 


the horizontal distance from the mortar to the point of 
measurement, and, to a lesser degree, on the size of 


the shell being fired. A table of the peak SPLs from a 
total of over 400 measurements is presented below. 


Sound Pressure Level (dB) ©) 
(ft) . . . 


3in 


a) To convert feet into SI units (m), divide by 3.28. 

b) These are fitted values taken from of curves of SPL as 
a function of distance for each shell size. Sound pres- 
sure levels were measured 4 feet (1.2 m) above ground 
level at various horizontal distances from firing mortars. 
The values for SPLs are reported to the nearest 1 dB. 


The following graph presents the SPLs for each of the 
four sizes of shells as a function of the distance from 
the mortars to the measuring point. The curves all have 
the same shape; the difference between them is an 
upward shift in SPL as the shell size increases. Taking 
the SPL curve for 3-inch shell firings as the starting 
point, the SPL curves for the 4, 5 and 6-inch shell fir- 
ings are displaced approximately 3.6, 6.4 and 6.8 dB 
upward from the 3-inch curve. The individual SPLs 
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recorded varied from firing to firing and ranged ap- 
proximately + 10 dB from the curve-fitted averages, 
as indicated in the ‘Min./Max.’ curves in the graph. 


— 3-inch Shells 
— 4-inch Shells 


— 5-inch Shells | 


— 
~“ 
oO 


— 6-inch Shells 


Se 
SS 


= i = 
= oa o 
oO i=) Oo 


Sound Pressure Level (dB) 
Go 
oO 


0 50 100 150 200 250 300 
Distance (ft) 


star shell burst SPL — This is the SPL produced by 
the sudden release of internal pressure from a bursting 
aerial shell. The SPL for star shells exploding over- 
head at altitude varies with shell size. In this context, 
‘overhead at altitude’ is taken to mean that the shell- 
burst occurred at the nominal burst height for that size 
of shell and was within approximately 100 feet (30 m) 
horizontally of directly overhead from the point of 
measurement. The shells were fired from a site ap- 
proximately 1200 feet (470 m) above sea level and at 
an air temperature of approximately 70 °F (21 °C). 


A table and graph of the peak SPLs from a total of 
nearly 200 measurements are presented below. 


Size @ | Sound Pressure Level (dB) ©) 
(n.)_[~ Min [Max [Ave _| 


a) To convert feet into SI units (m), divide by 3.28. 

b) SPLs were measured, at 4 feet (1.2 m) above ground 
level in the vicinity of the firing mortars, using ‘Peak’ 
and ‘Linear’ instrument settings. The values for mini- 
mum and maximum SPLs are reported to the nearest 1 
dB, and the average results are reported to the nearest 
0.1 dB. 
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150 


145 


140 


135 


130 


Sound Pressure Level (dB) 


125 
3 4 5 6 
Shell Size (inches) 


SOUND PRESSURE LEVEL MEASUREMENT -— (Ab- 
breviated SPL measurement) — Two instruments used 
to measure sound pressure levels are shown below. 


On the left is a self-contained instrument with a full 
range of functions and settings, suitable for most en- 
vironmental and scientific purposes. Also shown 
(gray cylindrical item) is an acoustic calibrator for the 
instrument. On the right (mounted on the tripod and 
aimed upward, red arrow) is a free-field blast gauge 
designed specifically for measuring sounds such as 
that from powerful explosions. On the ground below 
the blast gauge are instruments (blue arrow) to pro- 
cess and record the sound pressure data. 


The human ear is less efficient at low and high fre- 
quencies than at medium or speech frequencies. 
Thus, to obtain a single number representing the 
sound level of a noise containing a wide range of fre- 
quencies in a manner that is representative of the 
ear’s response, it is necessary to adjust, or weight, the 
effects of certain frequencies with respect to other 
frequencies. 
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A-weighted sound level — (Symbol dB(A)) — The 
effects of low frequencies are substantially reduced 
with respect to medium frequencies. This frequency 
weighting curve is presented below (A). This 
weighting is used in an attempt to match the normal 
human hearing response to sounds at moderate sound 
levels. Thus A-weighting is commonly used for eval- 
uating continuous sounds at moderate levels. 


-70 


Relative Response (dB) 


3-5 10 20 50 2 2 S 1k 3k k SS = 
- x1 6 - Ao 


Frequency (Hz) 


B-weighted sound level — (Symbol dB(B)) — B- 
weighting is similar to A-weighting with less severe 
reductions for low frequencies (see curve B above). 
B-weighting is no longer commonly used in making 
sound pressure level measurements. 


C-weighted sound level — (Symbol dB(C)) — C- 
weighting has more nearly a linear response with re- 
spect to frequency (see curve C above). (On instru- 
ments not having a true linear weighting option, C- 
weighting is typically used in its place.) C weighting 
is used to match normal human hearing response to 
sounds at very high sound pressure levels, and it is 
commonly used for evaluating impulse sounds and 
continuous sounds at high levels. 


linear-weighted sound level — Linear weighting 
provides an approximately equal weighting of all fre- 
quencies (see curve ‘Linear’ above). Linear-weighting 
and C-weighting are essentially equivalent for loud 
sounds, but linear-weighting is commonly used for 
scientific sound pressure level measurements. 


continuous sound — (Also continuous noise) — 
Noise (i.e., sound) with peak levels spaced no more 
than one second apart. Continuous sound is measured 
using a slow-response-time instrument setting. 


impulse sound — (Also impulse noise, impulsive 
noise or impact noise) — Sound with peak levels 
spaced more than one second apart (e.g., explosions 
and aerial shells firing from mortars). Impulse sound 
may be measured using fast, impulse or peak- 
response-time instrument settings. For explosions and 
similar concussive sounds, the peak-response-time 
setting is appropriate. 


Page 1149 


slow sound response — An instrument setting 
providing a response time constant of 1 second. 


fast sound response — An instrument setting 
providing a response time constant of 0.125 second. 


impulse sound response — An instrument setting 
providing a response rise time constant of 0.035 sec- 
ond and a decay rate of 2.9 dB per second. 


peak response — An instrument setting providing an 
extremely fast response rise time constant of 0.00005 
second, with the peak level captured and held for 
reading. 


free-field sound measurements — Measurements 
made in a setting and with instruments where nothing 
artificially enhances or reduces the measured sound 
pressure levels. 


SOUND SIGNAL — See warning, acoustic. 


SOUND SIGNAL (fireworks) — See aerial shell name 
and description (specific) (announcement salute). 


SOUND SPEED -— See speed of sound. 
SOUP CAN, SELF-HEATING — See self-heating food can. 


SPACE (rocketry) — Officially, space begins at an alti- 
tude of 100 km (62 miles) above the earth’s surface 
and is essentially a vacuum devoid of gas. 


SPACE LATTICE — An extended three-dimensional ar- 
ray of points indicating the systematic arrangement of 
atoms in a crystal. 


SPALL — Material released from a free surface, such as 
fragments of steel or concrete from a wall, as a result 
of an explosive attack on the opposite wall face. Spall 
is usually produced as the result of a supersonic, 
compressive wave traveling in the medium and re- 
flecting from the free surface as a tensile wave. (See 
Hopkinson effect.) 


SPAN — The difference between the upper and lower 
limits of a range of values. 


SPANJOLA — See Maltese firework term. 
SPARK (electrical) — See electric spark. 
SPARK (particle) — Any of several types of localized, 


small-scale transient sources of light and heat, three 
types of which are discussed below. 
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mechanical spark — An incandescent particle pro- 
duced by mechanical action. Extreme mechanical ac- 
tion (such as that of a grinding wheel) may be capa- 
ble of producing many sparks, depending on the na- 
ture of the metal. On occasion, much less severe me- 
chanical action (such as simply dropping a steel tool 
on a sufficiently hard surface) may generate a me- 
chanically-produced spark. There are non-sparking 
materials (e.g., brass and aluminum) that are not ca- 
pable of producing sparks even under relatively ex- 
treme mechanical action. 


pyrotechnic spark —A small solid or liquid particle, 
ejected from a burning pyrotechnic composition, that 
continues to emit light and heat for some appreciable 
time. This process is illustrated below. 


Flame 


BUmning Envelope 


Pyrotechnic 
Composition 


Reacting 
Surface 


Spark Particles , 
5 8 8 


There are many different types of pyrotechnic sparks. 
They contribute greatly to the beauty of fireworks by 
forming the points of light that are thrown from a jet 
of fire (as in a fountain, gerb, rocket or wheel driver) 
or that trail behind a star or comet. The points of light 
may be just that, or they may be transformed by 
branching, flashing or exploding. Current names in- 
clude sparks, microstars, dragon’s eggs, glitter, etc. 


The types of pyrotechnic sparks include: 


1) Solid particles of a specific substance that are 
heated to incandescence before being thrown into the 
air and then cool naturally. Examples of materials 
that can produce such sparks include porcelain and 
stainless-steel granules. 


2) Solid particles of a specific substance that are 
heated to their ignition temperature before being 
thrown into the air, and then continue to burn in at- 
mospheric oxygen without undergoing any further 
transformations. Examples of such spark materials 
include charcoal and coke grains, and granules of 
many of the metals commonly used in fireworks. 
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3) Solid particles of a metal or alloy that are heated 
to their ignition temperature before being thrown into 
the air, and then continue to burn in the air, with that 
burning terminating in an explosion of branching 
sparks. Examples of such spark materials include cast 
iron and steel granules (see spark branching). 


The difference in visual effect between pyrotechnic 
sparks of types 1 and 3 is demonstrated by the two 
fountains shown below. These fountains are identical 
in construction and almost entirely identical in the 
compositions used therein. The only difference is that 
the one on the left is a traditional cast iron fountain 
(producing type 3 sparks), whereas the one on the 
right substituted stainless steel (producing type 1 
sparks) for the cast iron. The same amount of each 
metal, of the same mesh size, was used. 


The initial jet of fire and sparks from the two foun- 
tains are quite similar; the stainless-steel sparks then 
quickly cool to invisibility. In contrast, the cast iron 
sparks remain hot (i.e., visibly bright). This differ- 
ence is because the stainless-steel sparks are resistant 
to oxidation, whereas the cast iron sparks continue to 
be self-heated from their burning in air to form one or 
another of the iron oxides, for example: 


3 Fe + 2 Ovgair) > Fe304 + heat 


As the self-heating continues, each of the cast iron 
sparks becomes hotter and then explodes into a cluster 
of smaller sparks. See spark, branching. 


4) Solid particles of a metal or alloy that are heated to 
ignition temperature before being thrown into the air 
and then burn in the air predominantly as a metal vapor, 
emitting colored light. Examples of such spark mate- 
rials include ytterbium, europium and zinc granules. 


5) Solid particles of a metal or alloy that are heated 
to ignition temperature before being thrown into the 
air and then burn in the air, forming a refractory 
product that emits white light by incandescence and 
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candoluminescence. Examples of such spark materi- 
als include titanium and zirconium granules. 


6) Solid particles of a metal or alloy that are heated 
to ignition temperature before being thrown into the 
air and then burn in the air predominantly as a metal 
vapor, emitting predominantly white or colored light 
and forming a refractory product that emits white 
light by incandescence and candoluminescence. Ex- 
amples of such spark materials include aluminum, 
magnesium, erbium and magnalium granules. 


For the reason different metals behave differently 
when their granules are used to make sparks, see 
Glassman’s Criterion. 


The control of spark duration is an important aspect 
of producing attractive pyrotechnic spark effects with 
spark types 1 through 6. These pyrotechnic sparks 
range in color and intensity, from dim reddish orange 
to yellowish to bright white (see spark color). Types 
4 and 6 can also produce a few distinct colors such as 
greenish blue (zinc), green (erbium and ytterbium) 
and pink (europium). 


7) Liquid particles of mostly molten pyrotechnic re- 
action products that burn when flung into the air, 
forming a spray of non-branching sparks. Examples 
of this type of sparks include fountains and comets 
producing a /ampblack effect. 


8) Liquid particles of molten and solid products of a 
pyrotechnic reaction that burn in air, forming prod- 
ucts that undergo a secondary reaction with other 
components of the particle producing a new pyro- 
technic effect. Examples of this type of sparks in- 
clude senko-hanabi, spur fire, and glitter effects. 


9) Solid particles of specially-made pyrotechnic 
composition that are mixed with another pyrotechnic 
composition having a faster burn rate so that the par- 
ticles are thrown into the air burning and produce a 
specific, continuous effect. Examples of this type of 
sparks include jeweled fountains and comets (see 
fountain type and comet type). 


10) Solid particles of specially-made pyrotechnic 
composition that are mixed with another pyrotechnic 
composition having a faster burn rate so that the par- 
ticles are thrown into the air burning and while burn- 
ing transform into a different pyrotechnic mixture 
that burns with a new effect. Examples of this type of 
sparks include dragon eggs and microstars. 


incendive spark — A spark particle carrying enough 
thermal energy that it can ignite a pyrotechnic com- 
position. Visibly incandescing spark particles normally 
carry enough thermal energy to be incendive sparks. 
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Thus, both pyrotechnic and mechanical sparks are 
commonly incendive. Also, even some spark particles 
that have cooled to the point of no longer incandesc- 
ing, may still prove to be incendive. 


It is a common requirement that only tools made of 
non-sparking materials (which are presumed to be in- 
capable of producing incendive sparks, even under 
relatively extreme mechanical action) be used around 
pyrotechnic compositions. There are instances where 
this may not be feasible because of the need for high- 
strength tooling, such as in automated pellet produc- 
tion. 


SPARK BAG - A special effect device, typically con- 
sisting of a Black Powder charge with added titanium 
granules (or other spark-producing material) often in 
a small paper or plastic bag. Spark bags are commonly 
used in or with gas mines and ghost mines to aid in 
the ignition of the liquid fuel. 


SPARK, BRANCHING — A spark that breaks apart into 
smaller sparks, as illustrated below. 


Spark branching can be quite attractive when pro- 
duced by items that are viewed from close range. 
Branching sparks produced by comets and aerial shell 
stars are not as easily seen; thus, to a large extent, the 
esthetic value of their branching is lost. 


Cast iron (with 2% carbon) is notable for its ability 
to produce attractive branching sparks. Such sparks 
are seen falling from some sparklers and are viewed 
only a few feet from the observer. A time-composite 
of video images of branching cast iron sparks pro- 
duced by a sparkler are shown farther below. 


The color of the iron sparks is only approximately cor- 
rect; in reality it is more nearly yellow. Also, the fact 
that the spark particle appears to increase in size with 
increasing brightness is an artifact of the videography. 


A few authors have used the term spur fire in refer- 
ence to branching iron sparks, but it is more common 
to use spur fire only to describe the branching sparks 
produced by some carbon-based (i.e., non-metal) 
compositions such as senko-hanabi and flowerpot 
fountains. 
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Branching sparks can also be produced from a variety 
of metals, including magnalium, titantum and misch- 
metal. A time-composite of video images of a branch- 
ing titanium spark is shown below. The spark enters 
the field of view from the right (A); it increases in 
brightness (i.e., temperature) to produce its first 
branching event approximately 0.3 second after first 
heating sufficiently to become visible. 


Following this initial branching event, the spark pro- 
duces two long-lived daughter spark particles that 
continue moving to the left (B and C). The fact that at 
least one long-lived spark particle survives an initial 
branching event is relatively common for burning ti- 
tanium granules. After approximately another 0.6 
second, one of these daughter spark particles (C) un- 
dergoes a second branching event and still continues 
on as a spark particle. Then, after approximately an- 
other 0.3 second, that same surviving spark particle 
undergoes its third and final branching event. It is 
unknown whether the lower of the two daughter 
spark particles eventually underwent a subsequent 
branching event(s) out of view of the camera. Notably, 
aluminum and magnesium spark particles produce 
almost no branching. Some glitter effects may pro- 
duce a somewhat similar branching event when large 
particle-size aluminum is used. In this case, it is 
thought that the sparks are individual aluminum par- 
ticles that were not fully consumed in the glitter flash 
reaction. 
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The chemistry and physics of branching sparks is not 
yet well understood; for an important peer-reviewed 
contribution to this subject, see Inoue, 2017; for a 
summary, see senko hanabi. By analogy with the 
mechanism presented in Inoue’s paper, it is plausible 
that the branching sparks produced by burning parti- 
cles of cast iron or steel result from the generation of 
gas by the combustion of carbon inside the molten 
metal droplet (melting point 1425-1540 °C, depend- 
ing on the carbon content). The droplet is likely to be 
coated with a solid crust of iron(II,II]) oxide (melting 
point 1590 °C). When sufficient gas pressure has ac- 
cumulated, the oxide crust bursts, and droplets of mol- 
ten metal are scattered. A hypothesis to explain the 
branching of titanium sparks has yet to be developed. 


SPARK COLOR - Electronegativity is a useful predic- 
tor of both the color and brightness of pyrotechnic 
spark materials that are chemical elements. This is 
because electronegativity predicts the strength of 
chemical bonds formed between the spark material 
and oxygen, and thus the energy released in forming 
those bonds. 


Materials with the lowest electronegativities (1.e., those 
with the greatest electronegativity differences relative 
to oxygen) tend to produce the brightest and whitest 
sparks; those spark-producing materials with electro- 
negativities in the mid-range produce dimmer yel- 
lowish sparks; spark-producing materials with the 
highest electronegativities produce dim _reddish- 
orange sparks. A table of Pauling electronegativity and 
spark color for some common spark-producing mate- 
rials is presented below. (For information on the tem- 
peratures corresponding to spark colors, see incan- 
descence.) 


Electro- 
Material Neg. Spark Color 


Ca 


a) The effective electronegativity depends on the ratio of 
metals in the alloy. Also, the spark color tends to be 
roughly midway between the two metals in the alloy. 


While electronegativity is a useful guide to the color 
of sparks, it is not the only relevant factor. Another 
important factor is whether the metal burns as a gas, 
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rather than as a liquid or solid. If it can burn, even 
partially, as a gas (see Glassman’s criterion), then 
atomic and molecular spectra from the burning gas 
may contribute to the color. For example, sparks of 
burning magnesium or magnalium are much whiter 
than would be expected from the temperature of 
combustion because of the presence of violet and 
green emission from gaseous magnesium [Mg] and 
magnesium oxide [MgO]. The orange-yellow color of 
sparks from burning iron is enhanced by molecular 
emission bands of gaseous iron monoxide [FeO]. 


Also, it has recently been shown that pink and green 
sparks can be produced by coarsely-powdered samar- 
ium [Sm] and ytterbium [Yb], respectively. The col- 
ors are produced by the molecular emission bands of 
the gaseous metal monoxides produced during the 
combustion of metal vapor from the burning particle. 
In contrast, coarsely powdered yttrium [Y] produces 
only whitish sparks. This is consistent with Glassman’s 
criterion, which predicts that this metal does not burn 
as a gas. Consequently, the gaseous monoxide, which 
emits a deep red light in laboratory flames and plas- 
mas, does not form during the burning of the pow- 
dered metal. 


SPARK DURATION, CONTROL OF — For pyrotechnic 


sparks to have a more attractive appearance, they 
must remain incandescent for some time after leaving 
the flame. This will only happen if the spark particles 
react with atmospheric oxygen to produce additional 
thermal energy to maintain their incandescence. 


Carbon sparks: The chemical equation for the air ox- 
idation of carbon sparks is: 


C + Ovzair) > CO, + heat 


High temperature carbon particles, directly exposed 
to atmospheric oxygen, tend to be too quickly con- 
sumed. To prolong the life of carbon sparks, the car- 
bon needs to be protected from rapid oxidation. Ap- 
propriately formulated compositions, made from 
Black Powder ingredients, can produce spark parti- 
cles that are not simply grains of charcoal, but rather 
composite spark particles, as illustrated below. 


Molten Black Powder 
Combustion Products 
(K,CO,, K,S, K,SO,, etc.) 


Carbon Particle 
Protected from 
Too-Rapid 

Air Oxidation 
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Molten combustion products such as potassium car- 
bonate [K2CO3], potassium sulfide [K2S] and potassi- 
um sulfate [K2SO.4] surround the unreacted carbon 
particles and reduce their exposure to the air. Initial- 
ly, only the carbon particles that extend to the surface 
ofa spark particle can react with atmospheric oxygen. 


Some oxygen will also dissolve in the molten dross 
of the spark particle and can then react with the car- 
bon particles and with potassium sulfide [K2S] to 
produce carbon dioxide [CO2] and potassium sulfate 
[K2SO,]. These reactions provide heat that sustains 
the incandescence of the spark particle: 


C + Oo > COr + heat 
KoS + 20. > K2SO4 + heat 


The duration of carbon sparks can be controlled by 
varying the amount of the Black Powder reaction 
products. This is commonly done by varying the 
amount of sulfur in the composition, with a greater 
percentage of sulfur corresponding to more carbon- 
protecting dross and thus longer-duration sparks. A 
high percentage of sulfur also adds more fuel to the 
composite spark particle and reacts to produce poly- 
sulfides of potassium, which undergo additional heat- 
producing reactions with oxygen. For example, con- 
sider the reaction of potassium disulfide [K2S2]: 


KoS2 + Or > KS + SOr + heat 


Following this reaction, the potassium sulfide product 
will further react with air oxygen as shown previously. 
The effect of varying the relative percentage of sulfur 
in Black Powder-based, charcoal spark compositions 
is demonstrated by the two formulations presented 
below. The first formulation produces long-duration 
charcoal sparks (Freeman, 1989), and the second pro- 
duces short-duration charcoal sparks (Shimizu, 1983). 


Formulation —|Parts by Weight 
Ingredient 


Another variant in controlling charcoal-spark dura- 
tion is the size of the composite spark particles. Larger 
composite particles have relatively low surface-to- 
volume ratios and thus have correspondingly longer 
spark durations. This is because, for a larger compo- 
site spark particle, it takes longer for sufficient oxy- 
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gen to dissolve into the spark particle to react with 
the charcoal and potassium sulfide (and/or potassium 
polysulfide). To some extent, the size of spark parti- 
cles can be controlled in one of two ways. Especially 
fierce-burning compositions tend to produce smaller 
(i.e., shorter-duration) composite particles. Similarly, 
when the combustion products are released to the at- 
mosphere under high pressure, such as from a tightly- 
choked fountain, the composite particles will also 
tend to be smaller (and thus of shorter duration).While 
the size of the carbon particles used in the composi- 
tion affects spark duration, its effect is less than 
might be expected. For example, some of the longest- 
duration carbon sparks are produced by compositions 
containing lampblack, which is composed of the 
smallest of the commonly used carbon particles. 


Metal sparks: For metal sparks, the size and shape of 
the metal particles used in the formulation play a major 
role in determining the duration of the sparks pro- 
duced. Larger particles and more nearly spherical par- 
ticles take longer to burn in air than smaller particles 
and more flake-like particles. This is primarily a re- 
flection of the metal particle’s surface-to-volume ra- 
tio. Spherical particles have smaller surface-to-volume 
ratios than particles of any other shape containing the 
same quantity of material, and small particles have 
larger surface-to-volume ratios than larger particles of 
the same shape. Some extremely fuel-laden mixtures 
containing bright aluminum are used to produce wa- 
terfall effects, with long-duration sparks, even though 
most of the bright aluminum is quite fine. Although 
some coarser flake is often specified in the composi- 
tion, long duration falls can be made with an excess of 
fine flake aluminum in the composition. Presumably 
the long-duration sparks are produced by globules of 
molten dross containing unburned aluminum, with the 
dross protecting the metal from too rapid combustion 
in much the same way as described above for carbon 
sparks. 


The effect of particle size can readily be seen by ex- 
amining the sparks produced from exploding titanium 
salutes. The range (i.e., duration) of the particles is 
roughly proportional to particle size as shown farther 
below. 


As noted above, reaction products of the composition 
can affect the duration of metal spark particles. An- 
other manifestation of the effect of additional molten 
dross slowing the reaction of metal particles is that 
the temperatures reached by the particles may be sig- 
nificantly reduced and this changes the color of their 
incandescent emissions somewhat. This is demon- 
strated by the two formulations for titanium spark 
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SPARK GAP — A space between two electrical conduc- 
tors across which an electric spark discharge can take 
place upon application of a sufficiently high potential 
difference between the conductors. A spark gap is 
used in one method of initiating a pyrotechnic or ex- 
plosive device, such as by the application of a high 
voltage that discharges across an air gap or through a 
pyrotechnic composition. One example of such an 
ignition is the accidental ignition of a composition as 
a result of an electrostatic discharge from a person or 
object to ground through the composition. 


40-50 Mesh 


20-30 Mesh 


In fireworks: The obsolete firework known as an auto 
fooler is an example of a device that was intentionally 
initiated by a spark-gap discharge. 


SPARKING MATCH (special effect) — See short-circuit 
effect (arcing match). 


SPARKING MATERIAL — Any material capable of pro- 
ducing incendive particles (i.e., sparks) as a result of 
mechanical action (e.g., rubbing or striking). 


Commonly, mischmetals are used when incendive 
sparks are desired, such as in spark-producing igniters 
(e.g., laboratory Bunsen bummer lighters, cigarette 
lighters and some friction fire starters). Such sparks 
compositions (Kosanke, unpublished) presented be- are also effectively used in some theatrical and stage 
low. special effects, for example, in a car chase scene when 
ie director wants a bright trail of sparks displayed 
: ehind a speeding automobile. (In that application, 
urea the mischmetal may be described as a sparking rod.) 
Potassium perchlorate | 50. | 
Potassium nitrate i. 


The use of sparking materials for tools and work sur- 
faces used with pyrotechnics is often inappropriate 
for safety reasons. The most commonly encountered 
sparking material is iron or steel. Common xon- 
sparking materials include brass, bronze, aluminum 
and copper. Stainless steel is also considered non- 
sparking because it is not capable of air oxidation. 
Common non-metal, non-sparking materials include 
paper, plastic and wood. 


The US Bureau of Alcohol, Tobacco, Firearms and 


Magnalium (— 
Charcoal (air float) 


The first formulation (white) produces reaction prod- 
ucts that are mostly solid or gaseous. In that case, the 


titanium particles leave the composition with little 
molten dross to slow their burning and lower their 
temperature, which results in the titanium sparks being 
essentially white. The fine-grained magnalium burns 
completely in the flame and does not contribute to the 
spark production. In contrast, the second formulation 
(yellow) is Black Powder-based and produces sub- 
stantial dross (most significantly potassium carbonate 
[K2CO3], potassium sulfide [K2S] and potassium sul- 
fate [K2SO,]). As a result, the titanium particles burn 
at a lower temperature, as reflected by the yellowish 
color of their incandescence. 


Encyclopedic Dictionary of Pyrotechnics 


Explosives has a requirement that the interior surfac- 
es of a magazine, which can come into contact with 
explosives, must be non-sparking or covered with 
non-sparking material such as epoxy paint. 
SPARKING ROD - See sparking material. 
SPARKLE CANDLE (nitrocellulose) — See ice fountain. 


SPARKLE CANDLE (wax) — See candle, birthday cake. 
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SPARKLE FLASH POWDER - A type of theatrical 
flash powder that produces a shower of sparks and a 
bright flash of light when ignited. See flash powder 
type for some typical formulations. Sparkle flash 
powder differs from sparkle powder in the amount of 
light accompanying the production of sparks. 


SPARKLE POT — A type of flash pot (illustrated below in 
cross section) that contains and controls the discharge 
of sparkle powder, rather than theatrical flash powder. 


~1" to 2" 
Small Diameter —> 
Heavy-walled 
Steel Tube Helater 
Electric 
Match 
Sparkle Ne 
Powder 
Substantial 
Weld —» Base 


The fairly narrow width and long 
length of a sparkle pot help to pro- 
ject the sparks higher. The appear- 
ance of the effect produced by a 
sparkle pot (and sparkle powder) is 
like that of a short duration stage 
gerb; typically, it will be a denser 
display than that provided by a stage 
gerb. An example of the display pro- 
duced by a sparkle pot is shown at 
the right. 


SPARKLE POWDER — A pyrotechnic 
composition, intended for use in 
special effects producing a shower 
of sparks when ignited. If the com- 
position also produces a bright flash 
of light, it would be described as 
sparkle flash powder. Formulations 
for sparkle powder compositions are presented below. 
Formulation 1 is Black Powder-based; the smoke 
produced as it burns has a sulfurous smell and many 
pyrotechnic operators do not consider it appropriate 
for indoor use. Formulation 2 is a sparkle powder 
with less-objectionable smelling smoke. Formula- 
tions 3 and 4, with their high metal-fuel content, are 
examples of sparkle flash powders. All these compo- 
sitions tend to work better (1.e., are faster burning) if 
granulated (to approximately 10 mesh) with water 
and a small amount of dextrin. 


Photo Credit: 
Tom DeWille 
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Formulation | Parts by Weight 
Ingredient | (1) | fay 


(a) The particle size of the titanium sponge determines the 
duration, and, to some extent, the range of the sparks 
produced. Particles in the range of 60 to 100 mesh will 
give sparks of short duration; sparks produced by parti- 
cles in the range of 40 to 60 mesh will be of longer du- 
ration; and coarser particles (larger than 40 mesh) will 
produce sparks that are too long in duration to be useful 
for stage effects. 


1 and 2) Common 3 and 4) DeWille, 2008. 

SPARKLER — Any one of several types of consumer 
firework that produce sparks and that are usually in- 
tended to be held in the hand while burning. Specific 
examples are wire-cored sparklers, stick sparklers 
and senko hanabi. In the US, sparklers are classified 
as novelty fireworks, providing that sparklers with 
compositions that contain no chlorate or perchlorate 
have not more than 100 grams of pyrotechnic compo- 
sition, and those sparklers with compositions contain- 
ing a chlorate or perchlorate have not more than 5 
grams of pyrotechnic composition. 


Sparklers can be one of the safest of fireworks, pro- 
vided that at least modest care and attention are given 
during their use. In the US and elsewhere, some types 
of sparklers are legal in many jurisdictions where 
other consumer fireworks are banned. Very large 
quantities of sparklers are used every year; conse- 
quently, even though the rate of misuse is very low, 
sparklers figure significantly in the statistics of fire- 
work-related injuries. 


The most common misuse of sparklers is letting 
young children use them with little or no supervision 
and without cautionary instructions about the possi- 
bility of burns. Another common misuse is throwing 
burning sparklers into the air with little or no concern 
for where they might land. An especially dangerous 
misuse is to bundle a group of sparklers together with 
string or tape, in the expectation of making a single 
‘giant’ sparkler. Instead, the fire front quickly travels 
along the space (1.e., fire path) between the sparklers 
in the bundle and the entire bundle burns in only a 
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few seconds, producing a large and dangerous ball of 
fire. Attempts to make fountains by loading metal tubes 
with crumbled gold sparkler composition have led to 
explosions and serious injuries. 


Bengal sparkler — See Bengal (Bengal sparkler). 


colored sparkler — A wire-cored sparkler that pro- 
duces a colored flame accompanied by gold-colored 
sparks. Colored sparks are not produced. Examples of 
boxes for colored sparklers are shown below. 


Se (BLUE! 
ni 


‘CAUTION FLAMMAB 


The flame colors produced include red, green, blue and 
occasionally orange. Colored-sparkler formulations 
are not as effective in producing the energetic ball of 
sparkling fire that makes gold sparklers so popular. 


Presumably, to compensate for the lack of abundant 
sparks, some colored-sparkler formulations are made 
without any iron or steel but instead contain (or are 
coated with) coarse aluminum or magnalium particles 
that produce incandescent particles as they leave the 
flame. These sparks are white (approximately 3000 °C) 
and, unlike small steel sparks, the larger aluminum or 
magnalium spark particles are capable of causing un- 
pleasant burns. An example of a metal-particle (mag- 
nalium) coated sparkler is shown below. 


electric sparkler — The term ‘electric sparkler’ was 
introduced quite early in the history of the gold spar- 
kler because of a perceived (or imagined) resem- 
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blance of its sparks to those produced by an electrical 
short-circuit. 


glitter sparkler — (Also snowball sparkler) — A 
type of wire-cored sparkler that produces a glitter ef- 
fect. An example of a white glitter sparkler composi- 
tion is presented below (Davis, 1943). 


Ingredient Parts by Weight 


gold sparkler — (Also steel 
sparkler or electric sparkler) 
— The most common type of . 
wire-cored sparkler, consist- {7 \s S| 
ing of a stiff wire, usually at |Z Mhi\i \ 
least 6 inches (150 mm) | \ 
long, that has been coated to 
about two thirds of its length 
with pyrotechnic composi- 
tion, as shown at the right. 
The spark effect is produced 
by tiny, hot steel particles 
ejected from the burning 
composition that burn in air 
to produce a bright yellow 
(gold) spark effect. 


(GME SEE SIDE PANEL FOR my 
OTHER CAUTIONS i 


))) CONTENTS 6 GOLD SPARKLERS || 
a ee ¥ 


Spark characteristics: Steel 

sparks are distinctive in that many of the tiny pieces 
of incandescent steel projected from the burning spar- 
kler undergo a subsequent reaction with atmospheric 
oxygen. This maintains the temperature of the spark 
particle and usually leads to a break-up of the particle 
as it weakly explodes to throw off smaller particles 
that may split still again. This effect, commonly de- 
scribed as spark branching, is shown below. It is 
plausibly produced by the generation of gas by the 
combustion of carbon inside the molten steel droplet 
(melting point 1425-1540 °C, depending on the car- 
bon content), which is likely to be coated with a solid 
crust of iron(II,I]) oxide (melting point 1590 °C). 
When enough gas pressure has accumulated, the ox- 
ide crust bursts, scattering droplets of molten metal 
into the air. 
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The sparks emitted from a burning sparkler, while at 
a high temperature (approximately 1500 °C), carry 
only a relatively small amount of thermal energy be- 
cause of their small mass. These sparks normally are 
incapable of igniting clothing and most other com- 
bustibles. When these sparks land on the skin, they 
produce a momentary prickling sensation, but do not 
normally cause burns. In contrast, after the composi- 
tion has burned, the central wire, with its coating of 
hard, porous ash, remains hot for some time and will 
readily burn the skin. Also, the flame of the burning 
composition, which extends outwards from the spar- 
kler to perhaps an inch (25 mm), easily ignites a wide 
variety of combustibles including clothing. Many in- 
juries can be traced to ignited sparklers having been 
foolishly given to very young children, who have no 
idea of the potential hazards. 


Gold _ sparkler composition: Gold sparkler composi- 
tions typically contain barium nitrate, fine aluminum 
powder, dextrin and steel or cast-iron powder, which 
is often protected with a coating of paraffin wax or 
linseed oil. A small percentage of boric acid is some- 
times added to control the alkalinity of the wet mix- 
ture, which, if it becomes too alkaline, will cause the 
nitrate to react with the aluminum, whereupon am- 
monia is evolved, the slurry becomes very hot and 
the whole batch is ruined. The two formulations pre- 
sented below are reasonably representative. The cor- 
rect consistency of the composition (as a slurry) is 
critically important in achieving the proper coating of 
the wire. 
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Formulation — | Parts by Weight 
Ingredient | (2) 


a) Treated with paraffin. 
b) Probably boric acid. 


1) Ellern, 1968. 2) Hardt, 2001. 


A gold sparkler can be difficult to ignite, and the task 
can be nearly impossible if one attempts to ignite it with 
an ordinary match while there is even a mild wind 
blowing. To aid in the ignition of gold sparklers, 
some manufacturers coat the tip of each sparkler with 
a slow burning, modified Black Powder prime com- 
position. Such primed sparklers are not yet common, 
but they make the use of sparklers outdoors much 
easier. The primed end of a gold sparkler is shown 
below (on the right). 
; 


The required properties for an effective gold sparkler 
formulation are: 1) The composition must be relative- 
ly slow-burning. For example, a 6-inch coating of 
sparkler composition may burn for 30 seconds or 
even longer. 2) The composition should have excel- 
lent propagation characteristics and must not become 
extinguished as it burns along its length of wire. 3) 
The composition must be able to be ignited without 
too much trouble, but as noted above special priming 
can help solve this problem. 4) The shelf life the 
sparkler should be at least several years. Iron or steel 
powders are prone to rusting and should be protected 
with a thin coating of paraffin wax or linseed oil. 5) 
The composition must contain a binder of adequate 
quality and quantity to adhere firmly to the steel wire 
and then not to crack readily off the wire when dry. 
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6) The mixture must not be hygroscopic, which 
would quickly ruin the sparkler. 


Historical: The idea for the modern wire-cored gold 
sparkler evidently originated in Germany in about 
1893, shortly after the commercial introduction of 
aluminum powder pigments in that country in 1892. 
The 1893 date is based on a British patent (11073 of 
1893) issued to Gustav Gillischewski of Berlin, Ger- 
many. The patent included a sparkler composition 
(presented below) remarkably similar to those of 
modern formulations. 


Ingredient Parts by Weight 


a) Aluminum bronze powder is a silver-colored paint pig- 
ment consisting of very fine flakes of aluminum com- 
monly thinly coated with a lubricant. 


The patent specified that the composition could be 
loaded dry into a paper tube; alternatively, the com- 
position could be moistened with water or other sol- 
vent and made into ‘light-balls’ or used for ‘tipping 
matches’ (See match, firework.). The patent did not 
mention coating a stiff metal wire the composition. 


An early wire-cored sparkler patent (Austrian 35606) 
was issued in 1908 to Vereinigte Wunderkerzen- 
fabriken GmbH (United Sparkler Factories Ltd) and 
F. J. Welter of Hamburg, Germany. The patent takes 
its priory from a German patent application (No. 
195340) filed in 1906. The patent was for an im- 
provement to Wunderkerzen (the German name for 
sparklers, which translates as miracle-candles). 


In 1908 an American inventor, A. Jedel, was issued a 
patent (US 888,810) for a “‘pyrotechnical toy’ based 
on the wire-cored sparkler and referred to it as ‘a 
novel form of pyrotechnical toy, which is known in 
the art as an electric sparkler’. In 1918 Jedel was 
granted a patent (US 1,258,012) for a machine for 
dipping and packing sparklers. 


By the 1920s, gold sparklers were commonly fea- 
tured in the catalogs of US firework companies. Two 
examples of early gold sparklers are shown below. 
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Shaped sparkler: Some gold sparklers consist of a 
wire shaped into a heart, geometric design, a numer- 
al, or even letters that spell a message. An example of 
such sparklers is shown below. 


\ 


6 PIECES 


These are designed for indoor use and at birthday 
parties, weddings and other occasions. Some of these 
specialized sparklers are not designed to be held in 
the hand while burning. Rather, they are intended to 
be placed on tables, birthday cakes or other non- 
flammable decorative surfaces. The shaped sparkler 
is sometimes termed a ‘non-hand-held sparkler’. 
These sparklers seem to be especially popular in the 
UK and some countries in Europe. 
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morning glory sparkler — See fountain type (hand 
fountain). 


non-steel sparkler — Recently, wire-cored sparklers 
have been developed that produce a variety of non- 
steel spark effects, including a very attractive alumi- 
num glitter, aluminum waterfall and other effects. 
The compositions of these sparklers are sometimes 
colored with bright dyes to help identify the different 
effects they produce. 


parade sparkler — When a gold sparkler is longer 
than about 12 inches (300 mm), it is sometimes re- 
ferred to as a parade sparkler. 


scented sparkler — (Also _per- 
fumed sparkler) — A type of gold 
sparkler made with a composition 
including a volatile, scented sub- 
stance (e.g., vanillin, 4-hydroxy-3- 
methoxy-benz-aldehyde {CAS 
121-33-5}). This substance is volat- 
ilized by the heat of the approaching 
flame front as the sparkler burns, 
leaving a pleasant odor that lingers 
in the air for some time after the 
sparkler has burned out. An exam- 
ple of scented sparklers from the 
Czech Republic is shown at the 
right. 


shaped sparkler — See above 
gold sparkler. 


snowball sparkler — A term orig- 
inally referring to a type of white 
glitter sparkler and subsequently to a type of titanium 
sparkler. It is also somewhat commonly (and mis- 
leadingly) used to refer to an ordinary gold sparkler. 


sparkler tree— A consumer firework (shown below) 
incorporating several sparklers as its sole pyrotechnic 
content. The device is fired by igniting the tip of the tall 
central sparkler. After burning for a short time, the cen- 
tral sparkler ignites the four surrounding sparklers, 
which are soon freed to spring out into a pattern some- 
what resembling the branches of a tree. The device is 
often used indoors as a table-top display, where its 
weighted base acts to hold the device upright. 
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spirit of America sparkler — See below titanium 
sparkler. 


stick sparkler — (Also dipped-stick sparkler) — A 
firework much like the wire-cored sparkler, but hav- 
ing a thin, wooden stick or splint onto which the 
sparkler composition is coated. The stick burns away 
as the sparkler performs, thus, in contrast to the wire- 
cored sparkler, it does not leave a potentially hazard- 
ous hot wire at the completion of its operating. De- 
spite this safety advantage, stick sparklers are not 
nearly as common as wire-cored sparklers and may 
not perform as well. The wire of a typical wire-cored 
sparkler contributes to the smooth and consistent 
burning of the sparkler composition because of its 
heat-conducting properties. The same composition 
applied to a wooden stick does not perform correctly, 
apparently as a result of the loss of this energy feed- 
back mechanism. Compositions that will burn satis- 
factorily on a wooden stick seem to be less effective 
in producing sparks than the familiar wire-cored 
sparklers. It seems plausible that if it were compulso- 
ry to use wooden sticks, more satisfactory composi- 
tions would soon be developed. 


titanium sparkler — (Also Spirit of America Spar- 
kler) — An especially high-performance wire-cored 
sparkler, producing brilliant, white-branching sparks. 
It is reported that the sparks are thrown as far as 4 or 
5 feet (1.2 to 1.5 m), thus requiring a high degree of 
caution in their use. Two formulations for the spar- 
kler composition are presented below. 
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Formulation —|Parts by Weight 
Ingredient 
~ P A . 1 I 7 ¢ _ | 


Hydroxy-propyl-guar gum | 


1) Snowdon, 1975. 2) Rowe, 1979. 


wire-cored sparkler — (Also dipped-wire sparkler, 
wire sparkler) — A sparkler consisting of an iron wire 
onto which a sparkler composition is coated. Specific 
examples include Bengal sparklers, colored sparklers, 
glitter sparklers, non-steel sparklers, scented sparklers 
and titanium sparklers. 


As a wire-cored sparkler operates, it leaves behind a 
potentially hazardous hot wire coated with hard, hot 
ash. While this hot residue is undesirable from a safety 
perspective, the heat-conducting properties of the 
wire core of a typical gold sparkler contribute to the 
smooth and consistent burning of the sparkler. The 
performance of the wire-cored sparkler has simply 
not been equaled by any of the large number of simi- 
lar devices that have been tried. 


SPARKLER CANDLE — See candle, birthday cake. 
SPARKLER MATCH — See match, firework. 
SPARKLER TREE — See sparkler. 


SPARKLE STRING — A type of flash string (1.e., string 
nitrated to become nitrocellulose, see flash material) 
that has been coated with a small amount of fine tita- 
nium. Sparkle string burns relatively quickly and visi- 
bly with a modest display of titantum sparks. It may be 
used by itself as the primary effect, or to chain fuse 
and ignite indoor nitrocellulose-titanium fountains 
(i.e., ice fountains, also described as Dreamstars or 
Traumsterne) that may be used in small numbers or, 
like lancework, to spell out text such as Happy New 
Year, Happy Birthday and similar messages. 


SPARKLING (fireworks) — See strobe. 


SPARKLING LIGHTS — A Chinese name used to de- 
scribe both white and colored strobe stars. Silver 
sparkling lights, pink sparkling lights and gold spar- 
kling lights are names of shells that disperse ammo- 
mum perchlorate-magnalium strobe stars. The dis- 
plays produced by these shells look very different 
from those produce by glitter effect shells. The strobe 
flashes are quite distinctive. Each flash is large, and a 
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single star may flash as many as 8 to 12 times (but 
fewer flashes are most common). 


SPARK PRODUCER, MAGICIAN’S — See magic device. 


SPARK-PRODUCING DEVICE — (Abbreviated SPD) — 


A special effect producing a brief burst or spray of 
sparks (usually white for visibility). Spark-producing 
devices (SPDs) are electrically fired and range widely 
in size depending on the range and density of sparks 
needed. SPDs are commonly used to produce an elec- 
trical short-circuit effect (simulating a malfunctioning 
electronic device) and some types of bullet hit effects. 


The performance of a tiny, spark-producing device is 
shown below as three images. The device consists of 
an electric match with a small amount of 30 to 40-mesh 
titanium sponge loaded into its safety shroud, which 
is closed with a tiny plug of paper. In this case, the 
only propellant is the electric match itself. In the image 
on the left, the 1/4-inch (6-mm) diameter SPD can be 
seen centered at the bottom of the frame. The middle 
image shows the device as it was fired, using a camera 
shutter speed of 1/500 second. The image on the right 
shows the same type device but with a shutter speed 
of 1/60 second. The spray of sparks was projected 
upward to a height of approximately 3 feet (1 m). 


Two larger types of spark-producing devices are 
shown below as pairs of views (end-on and side). 
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The effect produced by the smaller of these two types 
is shown below. The images were captured using a 
shutter speed of 1/500 second and cover a span of 
approximately 0.5 second. The height and width of 
the spray of titanium sparks was approximately 3 feet 
(1 m). 
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Spark-producing devices are made in two configura- 
tions: one in which the spray of sparks is dispersed 
predominantly in one direction (described as a direc- 
tional short circuiter, abbreviated DSC), and one dis- 
persing sparks in all directions (described as an omni- 
directional short circuiter, abbreviated OSC). 


SPARKS (pyrotechnic) — See spark. 
SPARKS, BRANCHING — See spark, branching. 
SPARK SPREAD, SALUTE — See salute spark spread. 


SPARK TEST -— See electrostatic discharge testing and 
incendiary spark test. 


SPD — Abbreviation for spark-producing device. 
SPECCHI -— See speckie. 


SPECIAL EFFECT — (Abbreviated SFX or SPFX) — A 
dramatic effect used to enhance a performance. The 
performance can be a firework display but is more 
commonly a theatrical or motion picture production. 
Within each of these categories, special effects can be 
further subdivided as to whether the effect being pro- 
duced is primarily explosive, pyrotechnic or non- 
pyrotechnic in nature. Also, when the effects are py- 
rotechnic, and they are suitable for use in the close 
proximity of spectators, they are commonly described 
as proximate audience pyrotechnics. 


firework special effect — The effect produced by any 
device used in a firework display that does not clearly 
fall into the category of commonly produced effects. 


Aerial shells: A special effect shell contains effects 
other than common stars or salutes. Special effect 
shells are often simply referred to as ‘specials’. Ex- 
amples of special effect shells would be those con- 
taining hummers, serpents or whistles. Also, a pattern 
aerial shell, lampare, shell of shells or multibreak 
shell would be considered to be special effect shells. 


Other firework special effects: Some theatrical and 
motion picture flame effects (such as a gas mine), 
when incorporated into a firework display, would al- 
so be considered to be firework special effects. 
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theatrical special effect — (Also proximate audi- 
ence special effect) — Typically any visual, audible, 
pyrotechnic or flame effect used to enhance a theatri- 
cal or similar performance with an audience in at- 
tendance. Some examples of visual theatrical effects 
include: a fog effect, a confetti or streamer cannon 
and even bubble effects. (Lighting effects are typical- 
ly not considered to be visual special effects unless 
that is a key element in the special effect.) Some ex- 
amples of pyrotechnic theatrical effects include all 
the various theatrical preloads (e.g., a gerb, mine, 
whistle, waterfall or bullet hit) and all the various ef- 
fects produced with binary systems (e.g., a puff pot, 
flash pot or concussion mortar). Flame effects fall in- 
to three broad categories: pyrotechnic flame effects, 
pyrotechnically-driven non-pyrotechnic flame effects 
and non-pyrotechnic flame effects. (For examples 
and information on these three categories of effects 


see flame effect.) 


movie special effect — Any visual, audible, pyro- 
technic or flame effect used to enhance a motion pic- 
ture or television production. Theatrical special ef- 
fects are also used as movie special effects. The prin- 
cipal difference between theatrical and movie special 
effects is that movie effects range much wider in size 
and power. Movie effects can be much larger and 
more powerful because, when edited, the actors who 
appear to be close to the effects can actually be safely 
separated by distance and time. Also, when scale 
models are used, movie effects can be quite small in 
size and power. Further, as a result of the increasing- 
ly effective use of computers, movie special effects 
(e.g., those involving flame, pyrotechnics and explo- 
sives) are often computer-generated. 


explosive special effect — Any special effect in- 
volving a significant quantity of an explosive or in- 
volving the use of pyrotechnics for the primary pur- 
pose of producing an explosion or the sound of an 
explosion. On the small end of the scale, this can be a 
bullet effect, a concussion effect or the destruction of 
a scale model with a small charge of explosive. On 
the large end of the scale, relatively large quantities 
of explosives can be used to destroy actual full-scale 
structures or vehicles. 


pyrotechnic special effect — Any special effect 
primarily produced by pyrotechnic materials (see py- 
rotechnics) in such a manner that an explosion is not 
the principal effect being produced. This includes the 
pyrotechnic production of a flame effect (e.g., a flare, 
flash pot or flame projector) whether colored or not, a 
spark effect (e.g., a gerb or waterfall), a smoke effect 
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(e.g., a puff pot) or an audible effect (e.g., a whistle 
or concussion effect). 


non-pyrotechnic special effect — Any of a large 
collection of special effects in which the principal ef- 
fect is not produced by pyrotechnic materials. Pyro- 
technic materials (see pyrotechnics) may be used in 
an ancillary capacity in the production of the primary 
effect. On the tamest end of the scale is the produc- 
tion of a bubble effect. Scaling up, non-pyrotechnic 
effects include the use of confetti or streamer can- 
nons and artificial snow. Extending to the high end of 
the scale are effects such as wind effects produced 
with a wind machine. 


flame special effect — Usually a subclass of non- 
pyrotechnic effects involving the production of flame 
principally from a material that burns in oxygen in 
the air. Flame effects range in size from a simple 
candle used on stage to liquid flame effects project- 
ing hundreds of feet (30 to 80 m) into the air. 


Some flame effects may involve the use of pyrotech- 
nics to expel the material that will then burn non- 
pyrotechnically in air to produce the actual flame ef- 
fect. Others are strictly pyrotechnic in nature (e.g., a 
flame projector). 


chemical special effect — A subclass of non-pyro- 
technic effects involving chemical reactions without 
the production of heat or flame. Two examples of 
chemical special effects are AB blood and AB smoke. 


incendive special effect — Any of the many special 
effects having the potential for igniting an unintended 
fire while operating or if a malfunction occurs. When 
using incendive special effects, there is the absolute 
requirement to consider and protect the safety of 
spectators, performers and crew. There is usually also 
a requirement to have personnel and equipment im- 
mediately available to fight any unintended fire that 
might result. 


SPECIAL EFFECT APPLIANCE — Any of an extremely 
wide range of specialized equipment used to produce 
a special effect as part of a performance or in con- 
junction with a television, motion picture or theatrical 
production. 


Proximate audience special effect appliance: A piece 
of hardware used for the safe discharge of pyrotech- 


nics before an audience at distances less than those 
required for a firework display. These appliances of- 
ten take the form of mortars used to discharge pyro- 
technic powders (often binary pyrotechnic composi- 
tions). An example of one such mortar (a puff pot) is 
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shown below. Other examples of this general type of 
appliance include flash pots and concussion mortars. 


ae al 


The other common form of proximate audience appli- 
ances is those intended to position pyrotechnic pre- 
loads. A three-gerb fan holder example is shown be- 
low. 


Flame-effect_appliance: The complete assembly of 
components and devices that monitor, control and 
generate a flame effect. 


Non-pyrotechnic special effect appliance: The equip- 
ment used to produce a special effect (not primarily 
involving pyrotechnics, flame or explosives). Exam- 
ples of non-pyrotechnic appliances include a bubble 
machine, a fog machine and a wind machine. 


SPECIAL EFFECT BALL — See Sweeny gun. 


SPECIAL EFFECT CABLE CUTTER — See cable cutter, 
special effect. 


SPECIAL EFFECT FLARE -— See flare, proximate audi- 
ence. 


SPECIAL EFFECT FOUNTAIN — See fountain type. 
SPECIAL EFFECT GERB — See gerb. 
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SPECIAL EFFECT MATERIAL — Those supplies and 
substances used to produce a special effect as part of 
a performance or in conjunction with a television or 
motion picture production. 


pyrotechnic special effect material — This in- 
cludes preloads, binary pyrotechnic compositions and 
commercially available pyrotechnic products (e.g., 
Black Powder). 


flame special effect material — This includes the 
range of liquid (e.g., liquefied propane, Isopar or 
gasoline) and gaseous fuels (e.g., gaseous propane 
and natural gas) used to produce flame effects. 


explosive special effect material — This includes 
high explosives (commonly detonating cord, but 
sometimes also substantial charges of high explosives 
and even shaped charges) high energy bullet hits. Ex- 
plosive special effect materials also include those py- 
rotechnic materials used in a manner in which an ex- 
plosion is the principal effect produced (e.g., concus- 
sion powder and confined Black Powder). 


chemical special effect material — This includes 
A-B blood (see stage blood) and A-B Smoke (see bi- 
nary pyrotechnic composition). 


SPECIAL EFFECT SHELL — See aerial shell name and 
description (specific). 


SPECIAL EFFECTS OPERATOR — Most commonly the 
person in charge of setting up and performing special 
effects in conjunction with a television, motion pic- 
ture or theatrical production. It may also describe the 
person in charge of setting up and performing theatri- 
cal (proximate audience) special effects, although it 
is more common to describe that person as a pyro- 
technic operator. 


SPECIAL EFFECT STAR — See star manufacturing 
(fireworks). 


SPECIAL FIREWORKS -— See display fireworks, current 
terminology. 


SPECIAL PURPOSE PYROTECHNICS (Canada) — A 
classification of pyrotechnics that are combined at the 
site of an impending use, with a flammable liquid, 
solid or gas to produce a custom-made pyrotechnic 
special effect. 


For devices: Specifications might include the formu- 
lation of pyrotechnic compositions, details of the 
construction, and how such a device might be ignited 
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and positioned with regard to any performers and au- 
dience. 


For raw materials: Specifications might include chem- 
ical purity, maximum concentrations of various im- 
purities and particle size distributions. 


For military devices and materials: These are frequent- 
ly described as Mil Specs (i.e., military specifications) 


and tend to be exhaustively complete. 


SPECIALTY ITEM (fireworks) — (Also pyrotechnically- 
activated toy) — Any of a large variety of small, sin- 
gle-use toys that are pyrotechnically-activated, often 
made to simulate vehicles (e.g., cars, trucks, tanks, 
planes and boats), lanterns and buildings. They are 
typically composed primarily of paper and thin card- 
board that contain one or more miniature fireworks 
and are classified as consumer fireworks. The devices 
may shoot sparks or small stars, contain small fire- 
crackers, produce smoke, spin or briefly fly into the 
air. These effects are achieved with a relatively small 
amount of pyrotechnic composition. In the US, such 
items are limited to a maximum of 2 grams of com- 
position per tube and 20 grams total composition per 
device. These items are primarily manufactured in 
China, but they have a rich history in the US, Europe 
and elsewhere. 


Some examples are shown below. 


The example above is the Tank Fireworks, a toy mili- 
tary tank. The device commonly has a small driver in 
the rear that produces sparks and causes the tank to 
advance a short distance on its wheels. Then, the 
three guns (red) on the front of the tank fire, emitting 
sparks and small stars. 


Another example is the Happy Lamp string spinner, 
shown below. 
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This device is suspended by its attached string and 
begins its performance by spinning horizontally, pro- 
ducing a shower of sparks. Upon completion of its 
spinning, the device opens into a traditional Chinese 
lantern (shown on the right) and a short-duration 
sparkling light begins to burn inside and can be seen 
through the tissue paper sides. 


A third example, depicting a military gunboat, is 
shown below. The boat remains stationary, but the 
two helicopters on its aft deck fly up into the air, its 
smokestack emits a spray of sparks, and its two guns 
fire small stars. 
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gins its performance as a ground spinner in its origi- 
nal compressed form (shown below on the left). Up- 
on completion of its spinning, the device expands 
vertically into the form of a pagoda (shown below on 
the right) and a small, sparkling light appears inside 
the structure. 
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SPECIFIC DENSITY — See density (grain density). 


SPECIFIC ENERGY — The amount of energy produced 
per unit of mass of material. 


SPECIFIC ENTROPY — Entropy per unit mass of a sub- 
stance. 


SPECIFIC FIREWORK ROCKET TYPE — See firework 
rocket type, specific. 


SPECIFIC GAS CONSTANT -— See gas constant. 


SPECIFIC GRAVITY — The ratio of the weight of any 
volume of some substance to the weight of an equal 
volume of pure water. Although specific gravity has 
nearly the same numeric value as density (in g/cm’), 
specific gravity is dimensionless because it is a ratio 
of two weights. 


SPECIFIC HEAT — The heat capacity per unit mass of 
a substance. For gases, the nature of the thermody- 
namic process must be specified. Thus, two specific 
heats are defined for gases; one being the specific 
heat at constant pressure (C,): 


co 4! a0), 


7 m 


Here, dq is an infinitesimally small increment of heat, 
and dT is the resulting temperature change for a mass 
(m) of a material under consideration, and the sub- 
script p indicates that the measurement is made under 
conditions of constant pressure. As a practical matter, 
(dq / dT), is determined from the mathematical slope 
of a graph of temperature as a function of the heat be- 
ing supplied. 


The other, the specific heat at constant volume (C;\): 
_(dq/ aT), 
m 


C, 
Here all the values and methodology are the same, 
except that the measurement is conducted under con- 
ditions of constant volume. 


In older texts, specific heat may also be taken to 
mean the ratio of the heat capacity of a given mass of 
a substance to that of the same mass of water. 


SPECIFIC HEAT RATIO — See heat capacity ratio. 
SPECIFIC IMPULSE (explosives) — The impulse (force 


multiplied by the time it persists) produced by an ex- 
plosion per unit of projected area of the body being 
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acted upon per unit mass of explosive. Accordingly, 
specific impulse has the units of impulse per area and 
mass (e.g., N s / m* kg). See blast impulse, air. 


SPECIFIC IMPULSE (rocketry) — See impulse. 
SPECIFIC LIGHT INTEGRAL -— See /ight integral. 
SPECIFIC LUMINOUS FLUX — See /uminous flux. 


SPECIFIC STRENGTH -— The strength (ultimate, yield, 
etc.) divided by the specific gravity of the material. 
The terms ultimate specific strength and yield specific 
strength are commonly used. 


SPECIFIC SURFACE — (Symbol: S,) — The ratio of the 
surface area of a solid material (e.g., a gun propellant 
grain) to its net volume. It is often measured in units 
of per centimeter (/cm). 


SPECIFIC SURFACE AREA — The total surface area of 
a powder (often flakes) per gram of material. Specific 
surface area relates directly to a powder’s effective 
particle size and is a critically important factor in de- 
termining the burn rate of a pyrotechnic composition. 
Consider for example, two aluminum metal powders, 
one atomized and one flaked, with both powders hav- 
ing the same particle size range. It is well known that 
the flake aluminum powder will have a much greater 
burn rate in pyrotechnic compositions than will the 
atomized powder. This is the direct result of the flake 
powder having a much greater specific surface area. 


For some types of flake powders (especially alumi- 
num), specific surface area may be stated as ‘appar- 
ent water coverage’, which may approximate one half 
of the specific surface area of the powder. 


SPECIFIC THRUST — See impulse (specific impulse). 


SPECIFIC VOLUME — The volume (V) of some sub- 
stance that is occupied by a standard mass (m). Spe- 
cific volume (v) is the reciprocal of density (p): 

Vol cw 
spear Sims 
mp & 


SPECKIE — (Also specci) — A historic term for what 
would now be described as (depending on their size 
and application) lances, color pots or Bengal lights. 


SPECTATOR (proximate audience) — For the purpose 


of regulation in the US, the spectators at a perfor- 
mance or rehearsal include the audience, and in some 
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areas, the performers and the support personnel. The 
only persons present that are not spectators are the 
pyrotechnic operator and any assistants. 


audience — Spectators whose primary reason for be- 
ing present is to experience a performance. 


support personnel — Any person at a performance 
or rehearsal who is not a performer, a member of the 
audience, or the pyrotechnic operator and any assis- 
tant. Support personnel include the road crew, stage- 
hands, security guards, fire watch officers and mainte- 
nance personnel. 


performer — Any person active in a theatrical per- 
formance or rehearsal during which pyrotechnics are 
used and who is not part of the audience, support per- 
sonnel, or the pyrotechnic operator and any assistants. 


SPECTATOR SEPARATION DISTANCE — See separa- 
tion distance (display fireworks) and separation dis- 
tance (proximate audience pyrotechnics). 


SPECTRAL BODY -— See black body. 
SPECTRAL COLOR — See color measurement. 


SPECTRAL EMISSIVITY — The ratio of the radiant flux 
density of some object to that of a blackbody at the 
same temperature and wavelength. 


SPECTRAL FILTER — A filter that allows only a spe- 
cific band width of the electromagnetic spectrum to 
pass through. 


SPECTRAL LINE — A narrow region in the light spec- 
trum of a radiant source that is distinctly brighter or 
darker than the immediately adjacent regions. Histor- 
ically, when light spectra were made by dispersing 
light from a source that had been focused on a narrow 
slit, such regions appeared as bright or dark images 
of the slit, having the appearance of lines in the spec- 
trum. For an example, see spectrograph. Such lines 
are produced by emission or absorption of light by 
atoms and molecules. Lines produced by atoms are 
typically few in number and widely spaced, whereas 
those from molecules are typically very numerous 
and occur in groups in which the lines are so closely 
spaced that the groups are referred to as bands. The 
lines or bands will be bright or dark when they re- 
spectively correspond to emitting or absorbing atoms 
or molecules. 


SPECTROGRAPH -— See spectrometer (spectrograph). 
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SPECTROMETER — An apparatus to produce the dis- 
persion of radiation from some source and electroni- 
cally record and display the spectrum thus obtained. 
A visible light flame spectrometer and its supporting 
equipment are shown below. On the right (yellow 
oval), an aqueous sample of a strontium salt is being 
aspirated into a long narrow gas flame (pink oval). 
On the left, the spectrum (principally from strontium 
monohydroxide [SrOH’]) is displayed on the computer 
screen as it is being digitally recorded. 


The spectrum of strontium monohydroxide is pre- 
sented below. 
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Because the data has been digitally recorded and the 
spectrometer has been calibrated in both wavelength 
and intensity, this data can be used to identify the 
flame’s color point on a chromaticity diagram, as 
shown farther below. (See color measurement (color 
point) and (chromaticity diagram).) 


spectrograph — A device similar to a spectrometer, 
but which photographically records the spectrum. In 
most applications, spectrographs are rarely used to- 
day, but can be quite useful in some applications. For 
example, when cost is an issue, a simple spectrograph 
can be made for little more than a few dollars for the 
cost of a diffraction grating; this assumes a still or 
video camera is available. The basic configuration for 
such an instrument is illustrated below. 
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While it is somewhat difficult to precisely quantify 
the results obtained with this type of simple system, it 
is possible if one uses suitable calibration sources. 
One technique for simultaneously recording a flame 
spectrum and calibration sources for both wavelength 
and intensity is illustrated below. 
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An example of the spectrum of a poorly performing 
green firework star and the two calibration sources, 
obtained with the above setup is shown below. 
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In this case, the reason for the poor performance of 
the green star is readily apparent from the appearance 
of its emission spectrum (uppermost in the image). 
There is a major contribution from the yellow-orange 
spectral line from sodium atoms. There is also a sig- 
nificant contribution from the spectral bands of calci- 
um monochloride and monohydroxide. These latter 
emissions are both the result of impurities in the 
chemicals used, and all three interferences act to se- 
verely weaken the desired green color. 


This type of spectrograph (whether self-made or 
commercially produced) offers the ability to simulta- 
neously analyze many points (along a line) in a pyro- 
technic flame. For example, a series of points from the 
base of a flame to its flame tips can be viewed simul- 
taneously. In addition, if a video camera is used, data 
from those many points will be recorded as a function 
of time. This can be especially useful in the case of a 
flickering firework flame or the exhaust plume from 
a rocket motor that is exhibiting stability problems. 


spectroscope — A device somewhat similar to a 
spectrometer or spectrograph, but in which the data 
are only displayed visually as opposed to being rec- 
orded by some means. Two simple hand-held spec- 
troscopes (upper, inexpensive and lower, very inex- 
pensive) are shown below. Such instruments can oc- 
casionally provide insight into pyrotechnic flame 
chemistry. For example, a spectroscope could be used 
to determine whether the flame color-agent in an or- 
ange star was a calcium compound or a mixture of 
strontium and barium compounds. Such spectro- 
scopes provide neither a record of an observation nor 
quantitative intensity results. 
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SPECTROSCOPE -— See spectrometer (spectroscope). 


SPECTROSCOPY, EMISSION — See emission spectros- 
copy. 


SPECTRUM -— In physics, a series of intensity values 
arranged according to wavelength (or frequency). See 
light spectrum and electromagnetic spectrum. 


SPECTRUM, ATOMIC; SPECTRUM, CONTINUOUS and 
SPECTRUM, MOLECULAR — See emission spectrum. 


SPECTRUM, ELECTROMAGNETIC — See e/ectromag- 
netic spectrum. 


SPECTRUM, VISIBLE — See /ight spectrum. 
SPEED — See scalar velocity. 


SPEED OF LIGHT — (Symbol: c) — The velocity at 
which electromagnetic waves, including light, propa- 
gate in a vacuum. The speed of light is 2.998 x 108 
m/s (186,000 miles per second) and can be used to 
convert between the wavelength (A) and frequency (v) 
of light: 


Cc 
Vv 


SPEED OF SOUND — (Also acoustic velocity, sound 
speed or velocity of sound) — The velocity at which 
sound and other relatively small pressure disturb- 
ances propagate within a medium. A shock wave, 
across which a great pressure differential exists, trav- 
els through a substance at rates higher than the speed 
of sound. 


The speed of sound in air at 0° C is 1087 ft/s (331 
m/s). In gases, the speed of sound increases propor- 
tionally with the square root of the absolute tempera- 
ture; thus, sound speed increases by approximately 
2% for each 10 °C temperature increase. 


For sound waves propagating in the atmosphere, the 
speed of sound (cs) 1s: 
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Here, y is the heat capacity ratio of air; R* is the uni- 
versal gas constant, Mo is the mean molecular weight 
of air; T,, is the molecular scale temperature. At sea 
level in the standard atmosphere (14.8 °C and 101 
kPa), the speed of sound is 1116.5 ft/s (340.3 m/s). 


The speed of sound in other materials may be grossly 
different; some examples are presented below. 


Acoustic Velocity @ 
Material (ft/s) 


a) Values are approximate and reported to 3 significant 
figures (CRC, 2008). 


SPFX or SPF /X — Abbreviation for special effect. 


SPHERICAL AERIAL SHELL — (Also Japanese-style 
aerial shell or ball shell) — An aerial firework shell 
constructed in the shape of a sphere. Spherical aerial 
shells range in size from less than 1’ to more than 24 
inches (38 to 610 mm) and, for hard-breaking (i.e., 
warimono) shells, produce star patterns that range 
from approximately 60 to 2000 feet (20 to 600 m) in 
diameter. Firework displays today commonly include 
spherical shells ranging from 2’ to 6 inches (63 to 
150 mm) in diameter, producing star patterns that 
range from approximately 200 to 600 feet (60 to 180 
m) in diameter. An example of a 5-inch shell is 
shown below. 


The casings of these shells are normally composed of 
pressed chipboard (i.e., paper) hemispheres held to- 
gether with many layers of pasted kraft paper. Usual- 
ly, for spherical aerial shells producing a spherically- 
symmetric display of stars, the break charge is located 
in the center of the shell, with the stars held against 
the inside surface of the shell casing by the break 
charge. The typical construction of such a shell is il- 
lustrated below in cross section. 
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Well-made spherical aerial shells typically break (i.e., 
explode) to produce an expanding, spherically-sym- 
metric pattern of burning stars, such as shown below 
in a time sequence of images. 


Photo credit: Eldon Hershberger 


When especially high esthetic standards are met, such 
aerial shells may be described as Japanese-style 
shells. These esthetic standards include near perfect, 
radially symmetric breaks, patterns of precise color 
changes, and the frequent use of pisti/s and multiple 
petals. When these high esthetic standards are not 
met, the shells may be described as simply being ori- 
ental-style aerial shells. 


Multibreak shells made from spherical shells: Until 
relatively recently, spherical aerial shells were made 
only as single-break shells. It is now increasingly 
common to find double-break, and even triple-break, 
shells made from spherical shells. In these multibreak 
shells, the individual shells are stacked on top of each 
other, either loosely or joined with heavy-paper sup- 
port rings between them, as illustrated farther below 
in cross section. For more information on these two 
methods for stacking spherical shells, see multibreak 
aerial shell (piled shell) and (conjoined shell). 


The time fuse(s) of the upper break is exposed and 
will be ignited by the burning lift gases as they es- 
cape up the mortar as the shell is being fired. These 
spherical multibreak shells may be described as dou- 
ble or triple bubble shells, or as peanut shells. 


Other spherical shell descriptions: Spherical aerial 
shells may be classified by the forcefulness of their 


bursting (i.e., exploding). On the one extreme, they 
can be hard-breaking, sometimes described as wari- 
mono shells; on the other extreme, they can be soft- 
breaking, sometimes described as a poka or poka- 
mono shells. Shells with intermediate burst strength 
may be described as kowarimono shells. The strength 


Page 1170 


ra String Tie 


Shell Leader 
(Quick Match) 


> INZAN > 
WAN Ci Burst 
Ra ef Charge 
id 


Sy Ww 
SAN FM 
zis\ 


Stars 


ee 


Time Fuse 


Support Ring 


Fuse Tube 


-Z 
> 


Time Fuse 


é = 
Ns Lift Charge 
eae (Black Powder) 


of the burst depends on the amount of pasted paper 
used to make the shell’s casing and on the nature and 
amount of break charge used. 


Another way in which spherical star shell types can 
be differentiated is whether the stars produce a trail 
of sparks, with chrysanthemum shells producing spark 
trails (at least initially, as the first effect produced) 
and peony shells having stars that do not produce 
spark tails. 


Brief descriptions of some common types of spheri- 
cal shells (and cylindrical shells) can be found in the 
entry aerial shell name and description (specific). 


Historically, many aerial shell fireworks made in Eu- 
rope were spherical in shape but were otherwise dif- 
ferent from the shells described above. Sometimes 
the casings were made of two hemispheres of turned 
wood; more commonly they were made from hemi- 
spheres of strong cardboard glued together with the 
joint further strengthened with a cloth tape glued on 
and covered with paper. Commonly, the contents 
were loaded into the shell, after the two halves had 
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been joined, through the hole provided for the time 
fuse. Such shells relied entirely on the beauty of the 
stars or other inserts for their esthetic appeal, as they 
lacked the highly symmetrical burst patterns that are 
achieved with the spherical shells originally devel- 
oped in Japan during the 19" century. 


SPHERICAL SHELL CASING — See shell casing, aerial. 


SPHERICAL STAR -— See star manufacturing (fireworks) 
(rolled stars). 


SPHEROID — (Also ellipsoid) — An object having a 
smoothly-rounded shape somewhat resembling that 
of a distorted sphere (i.e., sphere-like). A spheroid 
may also be described as an ellipsoid of revolution, 
because it can conceptually be formed by revolving 
an ellipse about one of its two principal axes. Ac- 
cordingly, a spheroid acquires one of two basic 
shapes, oblate or prolate, depending on which is the 
axis of revolution. 


Some atomized materials (most notably aluminum) 
have particle shapes that are best described as sphe- 
roidal, some of which tend to be oblate spheroids, 
others tending to be prolate spheroids and some tend- 
ing to be much more irregular in shape. 


oblate spheroid — An ellipsoid of revolution, 
around the minor axis of an ellipse, forming a shape 
somewhat like that of a doorknob or a sphere pushed 
together at its poles. 


Major axis 


Minor axis 


prolate spheroid — An ellipsoid of revolution rotat- 
ing around the major axis of an ellipse, forming a 
shape somewhat like that of a US football (or a rugby 
ball) or a sphere stretched apart at its poles. 


Minor axis 


Major axis 


spheroidal — An object with a rounded shape 
somewhat resembling that of a spheroid (1.e., it is a 
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SPIKE FOUNTAIN — See fountain 


SPIKING (fireworks) —(Also string- 


less than a perfect spheroid). Some atomized metal 
powders may be described as spheroidal. An atom- 
ized aluminum example is shown below. (The differ- 
ence in lightness of the particles is an artifact of elec- 
tron microscopy.) 


Although these particles are quite irregular in shape, 
they are clearly rounded. 


SPIDER SHELL or SPIDER WEB SHELL — A symmet- 


rically-breaking cylindrical shell containing relatively 
few (typically 8) large comets. The hard (i.e., power- 
ful) break of these shells is a core break, often made 
by a flash powder burst charge. The effect of the ex- 
ploding shell is a large spread of densely-tailed comets 
that fancifully resemble the legs of a spider or the ap- 
pearance of an orb spider web. 


The comets are so fast burning, 
and so strongly propelled, that 
they do not droop significantly at 
the ends of their trajectories. 
These shells provide a striking 
contrast to ordinary colored star 
bursts. 


type. 


ing) — The process of tightly 
wrapping string or twine around 
a cylindrical aerial shell. The term 
‘spiking’ is thought to have been 
derived from ‘spago’ the Italian 
word for string. The process of | 
spiking adds strength to the shell 
casing, with the pattern and den- 
sity of the string acting to control 
the dynamics of the shell break 
and display produced. An exam- 
ple of a spiked multibreak aerial 
shell is shown on the right. Often 


Photo credit: Dan 
Chubka 
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wheat paste is applied to the string before spiking, to 
provide extra strength and to hold the string in place. 
Occasionally, glue is coated on the string after it is 
wrapped around the shell. In Mexico it is somewhat 
common to use string that has been coated with as- 
phalt roofing cement for similar purposes. An exam- 
ple of a shell being spiked is shown below. 


Photo Credit: Garry Hanson, Precocious Pyrotechnics 


spiking horse — A simple device used to facilitate 
the tight wrapping of string on an aerial shell. This 
device can be nothing more than a board with a cou- 
ple of nails driven into it, and around which string 
has been wound. In the example shown below, two 
thick wooden dowel rods have been used. Such a de- 
vice is secured in place on the work surface and 
pulled against as the string is wrapped onto the shell. 


Photo Credit: Garry Hanson, Precocious Pyrotechnics 


Some spiking horses are in the form of a bench upon 
which the operator sits while working. It is also pos- 
sible to have a more elaborate spiking aid, (described 
as a spiking brake) in which the string supply is 
locked with a cam or other arrangement. 


The completed assemblage of string applied to an 
aerial shell may also be described as its spiking. 


spiking brake — (Also shell spiker) — A device use- 
ful in tightly wrapping a cylindrical shell with string 
(i.e., spiking the shell). In the example shown below, 
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when the string is pulled directly to the right (in the 
direction of the green arrow) the string will easily 
pass through the device. When the string is pulled 
downward (in the direction of the red arrow) there is 
a mechanical braking action and the string cannot be 
pulled through the device, thus allowing it to be 
wrapped tightly around the shell being spiked. 


=> eS —> 


SPILL HOLE (rocketry)— An opening cut in the top of a 


rocket parachute to increase the sink rate (and thus re- 
duce the drift distance) as a recovery aid on windy days. 


SPIN — The angular rotation, typically about the longitu- 


dinal axis ofa projectile. See axis of rotation (general). 


SPIN BURNER — A device used to measure the effect 


of centrifugal acceleration on the combustion of 
rocket propellants. The rocket motor is spun around 
the longitudinal axis of the burner by an electric mo- 
tor, producing a centrifugal force that affects the 
burning surface of the propellant grain. The thrust 
and chamber pressure are altered as a result of the al- 
tered combustion mode caused by the acceleration 
force, especially when the propellant contains metal- 
lic particles such as aluminum particles. 


SPINDLE — A spike-shaped 


piece of material (usually 
metal) used to form the 
central combustion chamber 
inside a rocket or similar de- 
vice. The increased burning 
surface area produced by the 
hollow central core provides 
greater gas production, re- 
sulting in greater internal 
pressure and greater thrust. 
A firework rocket spindle 
(discussed below) and mo- 
tor casing (paper tube) are 
shown at the right. 
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The aluminum spindle appears black because it has 
been anodized and coated with Teflon® to facilitate 
its removal from a completed rocket motor. The taper 
near the base of the spindle (and a corresponding ta- 
per in the end of the longest rammer that will be used 
to make the motor) will form the rocket’s nozzle 
from a compressed increment of clay. 


rocket spindle — (Also loading spindle) — The form 
used to shape the central cavity of a core-burning 
rocket motor. 


A demonstration of the use of rocket tooling at an 
early stage in the process of making a firework rocket 
motor is illustrated below in cross section (somewhat 
compressed in height). 
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SPINNER (fireworks) — See aerial shell name and de- 
scription (specific) and helicopter, firework. 


SPIN ROCKET -— See rocket, spin-stabilized. 


SPIN STABILIZATION — See rocket flight stabilization 
method. 


SPIN STABILIZED — An object (e.g., a bullet or rocket) 
that remains aimed in a specific direction as the result 
of its rapid rotation. (See rocket flight stabilization 
method (spin-stabilization).) 


SPIN-STABILIZED FIREWORK ROCKET or SPIN- 
STABILIZED ROCKET -— See firework rocket type, 


basic. 


SPIRIALI WHEEL — See firework name and description 
(historical). 


SPIRAL LAYER — See Ekman layer. 
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SPIRAL SHELL — A pattern 
shell that bursts to produce 
stars forming a spiral, as 
shown at the right. The pat- 
tern may be in one plane 
(i.e., 2-dimensional) or it 
may be a helix (ie., 3- 
dimensional). 


SPIRAL-WOUND TUBE — A 
paper tube in which a series 
of relatively-narrow strips 
of paper are wound around a mandrel in an advancing 
spiral. The manner of winding a spiral-wound paper 
tube is illustrated below. Only one strip of paper is 
shown, without being tightly wound around a man- 
drel and with the spiral pulled apart to better illustrate 
the winding process. 


Photo credit: Lansden Hill, 
Pyro Shows 


That manner of winding produces a spiral of seams 
around the walls of the tube. When the tube is care- 
fully made, the spiral seam is almost invisible, as 
shown below. 


When spiral-wound tubes are used for devices in 
which pyrotechnic composition is compacted and 
then burns under relatively high pressure, the small 
spiral grooves that sometimes occur on the inside of 
the tube can be a problem. This inside groove is simi- 
lar to that shown below for an outside seam. 
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Such a groove on the inside of the tube may consti- 
tute a fire path allowing the ignition of more pyro- 
technic composition than intended. This will increase 
the internal pressure in the device and may lead to its 
explosive failure. 


By simultaneously winding and gluing several over- 
lapping layers of paper, spiral-wound tubes can be 
made as thick as desired. They are amply strong for 
most firework uses and are used in a wide variety of 
applications. Unlike convolute-wound tubes (also de- 
scribed as parallel-wound tubes), which are only as 
long in length as the width of the sheet of paper used 
to make them, spiral wound tubes are made in a con- 
tinuous process and are cut to any convenient length 
immediately after they have been wound. Later, after 
drying, the spiral-wound tubes are cut to their final 
length. Because paper shrinks as the tube dries, the 
mandrel used to form the tube is made slightly over 
size to compensate for the shrinkage. 


Typically, spiral-wound tubes are not as strong and 
do not hold up as well as convolute-wound tubes. 
This lack of strength is mostly the result of using 
lower quality paper, usually chipboard, rather than 
kraft paper, which is commonly used in convolute- 
wound tubes. 


One advantage of spiral-wound tubes stems from the 
use of many relatively narrow strips of paper. This 
conveniently (and inexpensively) allows the tubes to 
be constructed with an outer wrap of colored paper, 
as shown below. In some cases, a product label can 
be used as the outer wrap if the tube is carefully de- 
signed and manufactured. 


SPIRIT OF AMERICA SPARKLER — See sparkler (ti- 
tanium sparkler). 


SPIRITS OF WINE -— See ethanol. 


SPIT DEVIL — (Also devil on the walk, crazy cracker, 
son of a gun or automatic torpedo) — A once-popular 
firework device that has long since disappeared be- 
cause of its hazardous (i.e., highly toxic and sensitive) 
nature. 
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MANUFACTURED BY 
Victory Sparkler Q Specialty Co. 
Elkton, Md. Made in U. S. A. 


Photo credit: Tom Wenke 


A spit devil was a tissue-paper-wrapped disk of a cast 
(i.e., solid) pyrotechnic composition, roughly % inch 
(6mm) thick and 1, 1% or 2 inches (25, 38 or 50 mm) 
in diameter. Its typical appearance is shown in two 
views below (in the side view, right, the spit devil is 
secured ina black vise-like holder for photographing). 


The spit devil was intended to operate by being 
scraped on pavement (typically under the sole of 
one’s shoe) to produce a series of little explosions 
(i.e., popping sounds). Descriptions in some patents 
(Hufnagel, 1904; Dever and Dalzeit, 1910; Faber 
1925; and Gehrig 1931) indicate that the composition, 
once initiated, produced a succession of small explo- 
sions. This would make the spit devil an example, 
along with strobe and whistle compositions, of oscil- 
latory combustion. Some descriptions indicate that 
the oscillatory combustion often ceased before all the 
composition was consumed. Because of this incom- 
plete combustion, spit devil residue could remain on 
the surface of the pavement, sometimes for days. 
These residues might then continue to perform occa- 
sionally as an unsuspecting person would happen to 
step on it while walking on the pavement, presuma- 
bly causing annoyance and inconvenience. 


A few of the many compositions used in spit devils 
are presented below. 
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Formulation — Parts by Weight less toxic phosphorus sesquisulfide. This substitution 
Ingredient | (1) | | (4) | had long been known to be effective in eliminating 
r [Se Salas re the evil effects of white phosphorus in matches. While 
this substitution removed one of the hazards associat- 
ed with spit devils, the hazard of sensitivity to acci- 


dental ignition was still inherent in the device; they 
have long since disappeared from the US market. 


In recent years, the Chinese have introduced a similar 
product that takes the form of extruded small cylin- 
drical sticks, about 0.1 inch (2.5 mm) in diameter and 
1.5 inches (38 mm) long. The devices operate in a 


1) Magnard, 1904. 2) Hufnagel, 1904. similar manner to the original spit devil (i.e., when 
3) Graber, 1908. 4) Dever and Delzeit, 1910. stepped on or scraped on pavement, they produce a 
a) Clay, sand, iron(Ill) oxide, etc. series of weak flashes of light and mildly loud explo- 


sions). They are variously described as Twig Bang 
(shown below) and Sliders. These devices are prohib- 
ited in the US as their intended performance is obvi- 
ously inconsistent with modern notions of safety and 
of responsible use of consumer fireworks. It should 
not be presumed that they contain white phosphorus. 
The direction on the pack ‘do not put in mouth’ is 
consistent with their superficial resemblance to candy. 
Apart from toxicity issues, the consequences of 
chewing a device intended to ignite by friction and 
then explode do not require further elaboration. 


Formulation — Parts by Weight 
Ingredient | 


5) Gehrig, 1929. 6) Gehrig, 1930. 

7) Reihlen, 1931. 8) Clauser, 1934. 

a) Chromium potassium sulfate (presumably 
KCr(SOa)2:12H20). 

b) ‘Burned magnesite’. 

c) ‘crystallized’ (presumably MgCl2-6H20). This combina- 
tion of magnesium oxide and magnesium chloride was 
known as ‘Sorel Cement’ and served as an inorganic 
binder. 

d) Clay, sand, iron(IlIl) oxide, etc. 
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The earlier compositions (1 — 4) all contained white 
phosphorus, and their manufacture involved melting 
the phosphorus in warm water and stirring the other 
ingredients into the mix. Such a process would expose a 
operators to the same hazards as those encountered by | SPL — Abbreviation for sound pressure level. 
workers engaged in the manufacture of matches con- 
taining white phosphorus. Furthermore, the finished 
products would have been extremely toxic, and there 
were several instances of a child being fatally poi- 
soned after sucking a spit devil, having mistaken it 
for candy. There were attempts (e.g., Faber, 1925) to 
coat the devices with material (e.g., sulfur) that re- 
duced the resemblance to candy, but a more effective 
approach was that adopted in compositions (5 — 8), 
namely replacing the white phosphorus with the much 


SPLICING, WIRE — See wire splicing. 


SPLIT COMET and SPLITTING COMET -— See comet, 
crossette. 


SPL MEASUREMENT — Abbreviation for sound pres- 
sure level measurement. 


SPOLETTE — (Also spoolette, spoulette, rammed fuse 
or Roman fuse) — A type of time fuse, consisting of a 
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small, strong tube partially filled with tightly- 
compacted Black Powder. Best results are obtained 
with commercial meal D Black Powder. Other com- 
positions are less reliable than commercially manu- 
factured Black Powder. Spolettes are commonly used 
in aerial shells and occasionally in other devices such 
as delay elements where precise timing is important. 
The basic construction of a spolette is illustrated be- 
low in cross section. 


Primed or 
Roughened 
Surface 


Timing Distance 


(Outside Shell) 


Glue Seal 


Black Powder 
Composition 


Concave, 
Cone Shape 


(Inside Shell) 


Piece(s) of 
Black Match 


\ 


A spolette tube is typically a high-quality, thick- 
walled, parallel-wound tube that can withstand the 
high loading pressure used to consolidate the powder. 
Occasionally, thin metal tubes have been used. The 
powder is ignited on the end of the spolette where the 
powder is flush with the end of the tube. Ignition is 
aided either by a well-primed surface or by tying one 
or more lengths of black match across the end. Also, 
it is a common practice to roughen the surface of the 
powder core on the outer flat end of the spolette’s 
powder core by scratching an X with an awl to in- 
crease the surface area and thus help ensure ignition. 


The time it takes the spolette to burn to its other end 
is determined by the length of the powder core in the 
spolette and its degree of compaction. Precise timing 
adjustments can be made by drilling a short distance 
into the powder core to shorten its burn time. This is 
most effectively done on the inside of the spolette 
tube. Spolettes can thus provide extremely accurate 
timing and are often used on large-diameter and 
multibreak aerial shells in place of spun (i.e., Bick- 
ford-style) time fuse. 
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Rather than depending solely on end-spit from the 
spolette to ignite the shell’s contents, it is a common 
practice to insert pieces of black match, which are 
held in place by nosing (i.e., paper and string) or 
sometimes simply by wedging them in with a small 
wad of paper or similar material. 


A spolette fuse (or the last increment to be rammed) is 
often compacted with a rammer that has a conical end. 
This is useful because it provides an increase in the 
surface area of the burning powder, which facilitates 
ignition of the pieces of black match by virtue of the 
increased volume and duration of flame produced. 


It has been suggested that the conical shape also re- 
duces the chance that the fire produced from the in- 
ner-most increment of powder will be sucked out of 
the tube as a result of a decrease in the pressure at the 
outer end of the tube. Such a reduced pressure is 
thought perhaps to be the result of the difference be- 
tween the internal shell pressure (about one atmos- 
phere) and the slightly reduced atmospheric pressure 
at the shell’s burst height. In addition, it has also been 
suggested that there may be a Bernoulli effect from 
air rushing past the outer end of the spolette. Finally, 
it also has been suggested that the rapid tumbling of 
the shell could cause the fire from the burning spo- 
lette, which is laden with tiny solid and liquid parti- 
cles, to be spun out of the fuse by centrifugal force. 
Any or all of these possibilities provide a plausible 
rationale for the conical inner end of the spolette and 
a reason for firmly attaching black match to the in- 
side of spolettes. 


A cross-sectional view of a spolette is shown below. 


When installed in a shell, the spolette will appear 
similar to that shown below. 
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SPONGE TITANIUM — See titanium particle type. 


SPONSOR (fireworks) — The person, organization, 
business or government entity that has caused a fire- 
work display to be conducted. The sponsor usually 
provides or collects the funds to pay for the firework 
display and may control some elements of the show. 
In the US, the sponsor typically provides the crowd- 
control monitors for the display. 


SPONTANEOUS HEATING — See se/f-heating. 


SPONTANEOUS IGNITION or SPONTANEOUS COM- 
BUSTION — (Also autoignition) — A phenomenon in 
which a material ignites or explodes without a specific 
sudden input of energy. Thus, it may appear as if the 
ignition has arisen without a cause. Spontaneous igni- 
tion can have several causes and historically has been 
(and continues to be) a serious problem for pyrotech- 
nic manufacturers. 


Ignition from shock, impact or friction is not ordi- 
narily considered as spontaneous because a clear, dis- 
cernible source of energy has been applied to the com- 
position. True spontaneous ignition results from chem- 
ical reactions, which vary greatly in the amount of time 
before ignition. Chemical reactions are also quite sen- 
sitive to temperature, so the storage of materials un- 
der conditions of elevated temperature can produce a 
situation described as thermal runaway. In that case, 
the temperature rises uncontrollably in the center of the 
material and eventually produces an ignition. 


Substances or mixtures that are most subject to spon- 
taneous ignition tend to have peculiarly low ignition 
temperatures, making them especially likely to ignite 
after even relatively moderate heat buildup. 


non-pyrotechnic spontaneous ignition — Some 
everyday materials are capable of spontaneous igni- 
tion. Charcoal and lampblack in bulk (the pure sub- 
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stances alone and not in a pyrotechnic mixture), es- 
pecially when freshly manufactured, are known occa- 
sionally to spontaneously ignite. Thus, the shipping 
of such material is subject to special regulations. 


Cotton cloth soaked in linseed oil and other drying 
oils has been known to ignite spontaneously with dis- 
astrous results. Even large piles of hay, wood chips 
and sawdust that are in the process of drying have 
been known to ignite spontaneously. 


pyrotechnic spontaneous ignition — Usually the 
pyrotechnic reactions leading to thermal runaway are 
promoted by the presence of moisture in the compo- 
sition and by reactions that have low activation ener- 
gies or are self-catalyzing. 


The number of chemical combinations that are known 
to ignite spontaneously is large, but fortunately those 
that are likely to be used in making fireworks are rel- 
atively few. The storage of moistened pyrotechnic mix- 
tures during manufacturing is always a bad idea (es- 
pecially when mixtures are present in large quantity); 
some disastrous spontaneous ignitions and explosions 
have been traced to the storage of damp compositions. 


Effect of moisture: A dramatic example of a sudden 
spontaneous ignition of a water reactive material is a 
mixture of finely-powdered silver(I) nitrate and very 
fine magnesium powder. Such a mixture will ignite 
immediately and explosively in a flash when even a 
light mist of water is sprayed over and allowed to set- 
tle onto a small quantity of this mixture, as shown be- 
low in a series of images. 


In the first image (upper left), the tiny amount of 
composition in the paper cup is shown. In the next 
image, a mist of water is sprayed above the cup. As 
soon as the mist settles on to the composition, it ig- 
nites in a flash of light. If slightly more composition 
had been used, an explosion would have resulted. 
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While such a dramatic water-initiated ignition is rela- 
tively rare, a number of mixtures are known that be- 
come quite hot when mixed with water. Usually such 
mixtures do not immediately result in ignitions, but 
they may slowly heat up and may eventually sponta- 
neously ignite. 


Another slower-reacting, water-initiated pyrotechnic 
composition is a mixture of anhydrous ammonium ni- 
trate and zinc dust (shown below). 


The first image (upper left) shows a small pile of 
composition. In the next image, a few drops of water 
are added to a small depression in the top of the pile 
of composition. After approximately 30 seconds, the 
first sign of a reaction is apparent (lower left). Shortly 
thereafter, flame appears and will soon consume the 
composition. 


Some mixtures that have historically been used in the 
manufacture of pyrotechnics are susceptible to these 
types of water-initiated reactions. For example, com- 
positions containing aluminum metal powder and ni- 
trate oxidizers in the presence of moisture have occa- 
sionally been known to self-heat, ignite and even ex- 
plode powerfully. Similarly, military HC smoke 
compositions have a history of moisture-induced 
spontaneous ignition, especially aboard ships. 


Some non-pyrotechnic combinations have the poten- 
tial for water-initiated reactions. Quicklime (anhy- 
drous calcium oxide) will get very hot after becoming 
wet, and, if the proportions of quicklime, fuel and 
atmospheric oxygen are just right, spontaneous igni- 
tions can occur. 


Effect of quantity: A 10-gram batch of a pyrotechnic 
mixture containing metal powders and oxidizers 
(possibly along with other ingredients) may not ap- 
pear to be self-heating because the surface-to-volume 
ratio is high, which allows the slowly-generated heat 
to escape before it can cause significant internal heat- 
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ing of the composition. If the same composition is 
mixed in a 10-kilogram batch and allowed to remain 
in a single plastic tub for an extended time, the mix- 
ture may heat to its thermal runaway temperature and 
then soon ignite. 


Effect_of hazardous chemical combinations: Pyro- 
technic compositions containing chlorates are sensi- 
tive to acidic conditions (see hazardous chemical 
combinations). For example, a simple mixture of ta- 
ble sugar (sucrose) and potassium chlorate can be 
quickly ignited by applying a drop of concentrated 
sulfuric acid. Flowers of sulfur (sulfur condensed 
from sulfur vapor) and other types of sulfur, when 
subjected to mechanical action, are known to be or to 
become acidic and are thus to be avoided in pyro- 
technic compositions if contact with chlorates might 
occur. (See autocatalytic reaction.) Inthe 19" century, 
colored-fire compositions containing potassium chlo- 
rate and sulfur gained a bad reputation for sometimes 
igniting unpredictably and spontaneously. As a result, 
chlorate-sulfur mixtures were banned by law in Great 
Britain in the late-19™ century. 


Reportedly, mixtures of combustibles with potassium 
chlorate that has been doped with copper ions are es- 
pecially liable to spontaneous ignition and possibly 
this is why some blue and purple star formulations 
had a reputation for spontaneous ignition. For this 
reason, relatively water-insoluble copper compounds 
(e.g., copper(Ichloride or copper(II) oxide) are now 
preferred for use in these colored stars. 


Ammonium perchlorate, if mixed with chlorates 
(e.g., potassium chlorate or barium chlorate), has the 
potential to produce ammonium chlorate, which is 
explosively unstable. Mixtures of aluminum, a nitrate 
and a chlorate (sometimes described as a ‘death 
mix’), if moist, also have the potential to produce 
ammonium chlorate (see aluminum). 


Some hazardous chemical combinations have been 
put to practical use. One such spontaneous ignition 
reaction is that which occurs when glycerin (or eth- 
ylene glycol) is applied to a quantity of potassium 
permanganate. This has been used to make incendi- 
ary capsules used to initiate controlled burns as part 
of the efforts to control wildfires (see potassium per- 
manganate. 


Other effects: Not all spontaneous ignitions have been 
studied and are well understood. Firework makers have 
occasionally reported the mysterious ignition of dry 
ammonium perchlorate star compositions and Black 
Powder-based glitter compositions that have been 
stored briefly in a stainless-steel bowl and exposed to 
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direct sunlight. These ignitions have tentatively been 
explained by assuming that the reflective inside sur- 
face of the bowl somehow concentrates the sunlight 
and causes a local hot spot that eventually results in 
ignition. While this may be possible, detailed studies 
of this phenomenon have not been performed. 


SPONTANEOUS-IGNITION TEMPERATURE — See 
thermal runaway temperature. 


SPOOLETTE — See spolette. 


SPORTING AMMUNITION — See ammunition, small- 
arms. 


SPORTING ARMS AND AMMUNITION MANUFAC- 
TURERS’ INSTITUTE — (Abbreviated SAAMI) — An 
association of sporting ammunition manufacturers 
that establishes and publishes voluntary standards re- 
lated to the industry. For more information see: 
www.sammi.org. 


SPORTING GRADE BLACK POWDER — See Black 
Powder grade (sporting grade). 


SPORT ROCKETRY — The journal of the National As- 
sociation of Rocketry (NAR). Previously known as 
American Spacemodeling. It is published bimonthly 
and distributed to all active NAR members. It is also 
available for purchase in larger hobby shops and 
some bookstores in the US. 


SPOTTER (fireworks) — A person whose job is to care- 
fully observe the performance of a firework display, 
watching the shell trajectories and reporting any dud 
shells detected and any debris (especially burning de- 
bris) falling outside the established fallout area. For a 
large display, more than one spotter may be needed. 
Each spotter needs to have an effective means of 
communicating with the pyrotechnic operator in 
charge. For a small display, the display operator will 
often act as a spotter. 


SPOT TEST — A qualitative chemical test that relies on 
human senses to observe whether a test reaction has 
occurred. Typically, drops of liquid are applied to a 
small test sample, forming a ‘spot’. The applied 
drops contain reagents that potentially react with the 
sample’s contents and thereby reveal something of 
interest. A solid test sample may be placed on an in- 
ert, non-reacting surface and the liquid reagent ap- 
plied directly to that sample, but most often the sam- 
ple is first taken into solution and the spot tests are 
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performed on small volumes of that solution, or al- 
ternatively, on any remaining insoluble residue. 


A spot plate serves well as an inert surface for per- 
forming spot tests. Most often, spot plates are made 
of glazed ceramic (as shown below) but glass and 
plastic spot plates are also available. Clear glass spot 
plates facilitate viewing the spots with transmitted 
light; white and black surfaces placed under them can 
aid the observation of different colored precipitates 
with incident light. 


Many spot test results are readily visible with the na- 
ked eye; a few others can be more effectively ob- 
served with low magnification, such as provided by a 
hand lens or a low-power microscope. 


Spot tests can be convenient and relatively simple to 
perform. They can quickly identify important com- 
ponents of a pyrotechnic composition, which is useful 
when a pyrotechnist only needs to know whether a 
specific substance is present. The tests are inexpensive, 
do not require expensive instruments and can usually 
be accomplished almost anywhere. Side-by-side col- 
orimetric comparisons are commonly made on spot 
plates, sometimes allowing rough estimates to be 
made of the concentration of a substance of interest. 


The following equipment is useful for performing 
spots tests: 


e Spot plates (commercially available), or a white ce- 
ramic tile. 


e A magnifying glass or other relatively low-magnifi- 
cation lens. 


e Microscope slides (flat, single depression and double 
depression). 


e Watch glasses (of various sizes). 


e Fine forceps, mounted needles, small spatulas and 
glass stirring rods (of small and medium size). 


e Filter paper, litmus paper and pH paper. 
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e Dropper bottles with rubber dispensing bulbs and 
small pipets with rubber bulbs (i.e., eye droppers). 


e Dispensing bottles of the plastic squeeze type. 
e Small test tubes with cork or rubber stoppers. 
e Toothpicks (both flat-ended and pointed). 


e A small centrifuge may be useful but is not essential. 


Examples of spot tests for some chemical species of 


potential interest to the pyrotechnist are given below 
in alphabetical order. 


Aluminum: See below: ‘Magnesium, Magnalium and 
Aluminum Metal’. 


Ammonium ion: All ammonium salts are soluble in 
water and can be extracted from pyrotechnic compo- 
sitions with water. Add a small quantity of the pyro- 
technic composition to a small quantity of distilled 
water and agitate briefly. Separate the soluble com- 
ponents, now in solution, from the insoluble residue. 


Test 1: After separation of the test solution from the 
insoluble residue, add a small pellet of solid sodium 
hydroxide to that test solution. If ammonium ions are 
present, ammonia gas is produced and can be detect- 
ed by its characteristic odor. Also, a piece of mois- 
tened red litmus paper, held closely above the solu- 
tion, turns blue in the presence of ammonia. 


Test 2: Nessler’s reagent gives a very sensitive test 
for ammonium ions. A drop of the reagent is simply 
added, on a spot plate, to a drop of the test solution. 
A brown precipitate indicates the presence of ammo- 
nium ions. 


Antimony: Test: Place a small amount of the solid py- 
rotechnic composition into a test tube. To this, add 2 
to 5 drops of reagent-grade, concentrated hydrochlo- 
ric acid and wait a minute or two (do this in a well- 
ventilated area). Next, add an equal volume of a so- 
dium nitrite [NaNO2] solution (6.9 g of sodium nitrite 
dissolved in 100 mL of distilled water). After the ef- 
fervescence subsides, put a single drop of this test so- 
lution in each of two depressions of a spot plate. In a 
third depression on the spot plate, put a drop of rho- 
damine B solution (0.01g rhodamine B dissolved in 
100 mL of distilled water) as a control for compari- 
son. To one of the first two drops of test solution, add a 
drop of rhodamine B solution. If the red color chang- 
es to violet, the presence of antimony is indicated. 


Arsenic: Arsenic sulfide is rarely used today, but its 
use was quite common in the past. It exists in a variety 
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of chemical species, but only two have been used in 
pyrotechnic formulations. One is tetraarsenic tetrasul- 
fide [As4S4], commonly described as realgar (or 
pararealgar, which is a yellow form with the same 
formula). The other is diarsenic trisulfide (orpiment) 
[As2S3]. Also, in the past, Paris green [copper(II) ace- 
tate—copper(II) arsenite (1/3)] was quite widely used 
in blue flame compositions. 


Test: Add a small quantity of the pyrotechnic compo- 
sition to a small quantity of distilled water and agitate 
briefly. Separate and wash the insoluble residue, then 
place a small quantity of that residue in a porcelain 
crucible. To this, add one or two drops of concentrated 
ammonia solution, one drop of 10% hydrogen perox- 
ide and 1 drop of a 10% magnesium chloride solu- 
tion. Carefully dry the mixture with gentle heat; then 
heat the dried mixture very strongly. Allow the cruci- 
ble and sample to cool. Add a few drops of tin(II) 
chloride [SnCl2-2H2O0] solution (0.5 g tin(II) chloride 
in 0.5 mL distilled water and 0.5 mL reagent grade 
concentrated hydrochloric acid) and warm gently. A 
brown-black color indicates the presence of arsenic. 


Barium and Strontium lon: Test: Add a small quantity 
of the pyrotechnic composition to a small quantity of 
distilled water and agitate briefly. Separate the solu- 
ble components now in solution from the insoluble 
residue and place a few drops of that test solution in 
one depression of a spot plate. Both barium and 
strontium ions, if present, will be precipitated in the 
form of insoluble white sulfates when their solutions 
are mixed with a solution of any soluble sulfate. A 
solution of sodium sulfate [Na2SO4] (7.2 g sodium 
sulfate dissolved in 100 mL of distilled water) is a 
convenient source of sulfate ions. Alternatively, a di- 
lute solution of sulfuric acid [H2SO4] may be used. 
Shown below are the results of two spot tests for bar- 
ium ions; the one on the left is negative, and the one 
on the right is positive. The results for strontium 
would appear similar. 


Strontium can be distinguished from barium with a 
simple flame test: a red flame indicates strontium, 
while a greenish flame indicates barium. The clear 
blue flame of a Bunsen burner or alcohol lamp should 
be used for this test. Also, the addition of a drop or 


Encyclopedic Dictionary of Pyrotechnics 


two of concentrated hydrochloric acid to the test so- 
lution is advisable, as this will result in deeper flame 
colors, produced by strontium monochloride or barium 
monochloride. 


Chlorate lon: Add a small quantity of the pyrotechnic 
composition to a small quantity of distilled water and 
agitate briefly. Separate the soluble components (now 
in solution) from the insoluble residue. 


Test 1: A drop of a solution of aniline hydrochloride 
in hydrochloric acid (4 g aniline hydrochloride dis- 
solved in 10 mL of reagent grade concentrated hy- 
drochloric acid) is added to a drop of the test solution 
in a depression in a spot plate. A red and then a 
greenish-blue color is produced in the presence of 
chlorate ions. Aniline hydrochloride is a crystalline 
solid that is easily soluble in hydrochloric acid; it is 
poisonous and should be handled carefully. 


Test 2: A classic test for chlorate uses indigo car- 
mine. To a drop of test solution, add two drops of in- 
digo carmine solution (0.02 g indigo carmine dis- 
solvedin 100 mL of distilled water), a drop of sodium 
sulfite solution [Na2SO3] (2 g sodium sulfite in 10 mL 
distilled water), and a drop of concentrated hydro- 
chloric acid. A positive test for chlorate is indicated if 
the blue color disappears. If the sample remains blue, 
chlorate is not present. 


Copper Compound: The copper compounds most 
commonly used in pyrotechnics are insoluble in wa- 
ter, but they readily dissolve in hydrochloric acid. To 
test for their presence, add a small quantity of the py- 
rotechnic composition to a small quantity of distilled 
water and agitate briefly. Separate the solid residue, 
placing it in a small test tube, and add a small quantity 
of dilute hydrochloric acid (1 mL reagent grade con- 
centrated hydrochloric acid diluted to 10 mL with 
distilled water). Warm this gently; then separate the 
remaining solid residue from the solution. If copper 
compounds are present, the solution will be blue or 
greenish blue in color. Add concentrated ammonia 
solution dropwise; if a copper compound is present 
an initial blue precipitate will form and promptly dis- 
solve as more ammonia solution is added, forming a 
deep-blue colored solution. 


Copper Metal: Copper metal is rarely used in pyro- 
technics. To test for its presence, take the solid resi- 
due produced in the test for copper compounds 
(above), wash it thoroughly with distilled water and 
place it in a small test tube. Add a few drops of con- 
centrated nitric acid; if copper metal is present, 
brown fumes will be generated, but this alone does 
not confirm the presence of copper metal. These 
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fumes are poisonous and must not be inhaled! Heat 
the mixture gently until no more fumes evolve and al- 
low the mixture to cool. Add a few drops of distilled 
water and separate the solution from undissolved sol- 
ids. If copper metal was present in the original sample, 
the solution will be pale blue. Add concentrated am- 
monia solution dropwise; if an initial blue precipitate 
forms and promptly dissolves as more ammonia solu- 
tion is added, forming a deep-blue solution, the pres- 
ence of copper metal in the original sample is con- 
firmed. 


Iron Metal: The presence of the forms of iron com- 
monly used in pyrotechnics (i.e., carbon steel and 
cast iron) is easily established by applying a magnet 
to the test composition as a loose dry powder. Parti- 
cles removed by the magnet can be presumed to be 
one of these forms of iron, as other magnetic materi- 
als are not commonly used in pyrotechnics. 


Magnesium, Magnalium and Aluminum Metal: Test 1: 
Treat a small portion of the pyrotechnic composition, 
as a loose powder, with acetic acid. Magnesium met- 
al will react with glacial acetic acid, or even with 
household vinegar, giving off hydrogen gas. The re- 
action is not as violent as with other acids but is easi- 
ly observable. Magnalium is noticeably less reactive 
than magnesium, and aluminum is unreactive, even 
with glacial acetic acid. Which of the three metals is 
present can be established by comparison with test 
samples of the three metals. 


Test 2: A color test for magnesium may be obtained 
by coloring magnesium hydroxide with a special dye, 
using the following procedure. Dissolve some of the 
unknown metal in concentrated hydrochloric acid; 
the more metal dissolved in the smallest amount of 
acid, the better. To this solution add, drop by drop, a 
concentrated sodium hydroxide solution. A white 
metal hydroxide will be produced in the form of a 
flocculent precipitate. When enough precipitate is 
formed, and the solution just remains alkaline, add a 
drop or two of Magneson reagent I solution. Magne- 
son reagent I is 2,4-dihydroxy-4-nitroazobenzene. 
Only a very dilute solution is needed: dissolve 8 g 
sodium hydroxide in 100 mL distilled water, and then 
add 0.001 g of 2,4-dihydroxy-4-nitroazobenzene. Stir 
until a clear, reddish solution is obtained. After the 
Magneson reagent I has been added to the metal hy- 
droxide, stir with a toothpick to suspend the precipi- 
tate in solution. If the mixture is alkaline and magne- 
sium is present, the white magnesium hydroxide pre- 
cipitate will become bright blue. If the solution is still 
acidic only a yellowish orange color will be seen. If 
the mixture is alkaline but no magnesium is present, 
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the white metal precipitate (which is probably alumi- 
num hydroxide) will be colored pinkish purple by the 
Magneson reagent I. Magnalium can be detected but 
the precipitate must be observed very carefully with 
magnification since the pink-stained aluminum hy- 
droxide tends to mask the blue-stained magnesium 
hydroxide. The latter can be seen as very small blue 
flakes when viewed with sufficient magnification and 
light. Magnesium hydroxide is soluble in even dilute 
acetic acid, whereas aluminum hydroxide is insoluble 
in acetic acid. If aluminum is the only metal present, 
the precipitate will be soluble in an excess of sodium 
hydroxide. 


Nitrate lon: An aqueous solution of N-I-naphthyl eth- 
ylenediamine dihydrochloride (poisonous) and sul- 
fanilic acid, slightly acidified with citric acid produces 
a distinctive red solution in the presence of a tiny 
amount of zinc dust plus nitrate ions. The test reagent 
is prepared by dissolving a small quantity of each of 
the three above organic reagents in 15 to 25 mL of 
distilled water. This test reagent solution is not stable 
and must be used within a few days of its preparation. 


Perchlorate lon: A dilute aqueous solution of meth- 
ylene blue (no more than 0.025g dissolved in 100 mL 
of distilled water) gives a distinctive purple precipi- 
tate with solutions of perchlorates. 


Test: Add a small quantity of the pyrotechnic compo- 
sition to a small quantity of distilled water and agitate 
briefly. Separate the soluble components now in solu- 
tion from the insoluble residue. Next, add a drop of 
the methylene blue solution to the extracted solution 
of the pyrotechnic composition. This produces a dis- 
tinctive purple precipitate with solutions of perchlo- 
rates, as shown below. Very dilute solutions of per- 
chlorate ion can be detected if the test is observed for 
an extended period. The methylene blue test must be 
carried out in the absence of acid since the purple 
precipitate is soluble in acids. 
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Potassium lon: Test 1: Add a small quantity of the 
pyrotechnic composition to a small quantity of dis- 
tilled water and agitate briefly. Separate the soluble 
components now in solution from the insoluble resi- 
due. Potassium ions can be detected by the formation 
of a dense white precipitate when this test solution is 
treated with a freshly-made aqueous solution of sodi- 
um tetraphenyl borate [NaB(CeHs)4] in dilute sodium 
hydroxide solution (0.1 g sodium tetraphenyl borate 
in 10 mL of dilute sodium hydroxide solution (0.04 g 
sodium hydroxide in 100 mL distilled water)) This 
solution is unstable and must be made immediately 
before use. Pure samples of barium and strontium 
salts do not react, but some industrial grades of these 
salts may be contaminated with potassium salts and 
will show a weak reaction. Also, ammonium ion 
[NH4"] reacts with this reagent forming a similar 
white precipitate. 


Test 2: A zirconium(IV) sulfate [Zr(SO4)2°4H2O] so- 
lution (50 g of zirconium(IV) sulfate tetrahydrate in 
100 mL distilled water) will detect potassium ions 
within an hour, even in the presence of considerable 
concentrations of sodium, ammonium, lithium, ce- 
sium and rubidium ions. Barium and strontium ions 
interfere with this test but can be removed by first 
treating the sample with a sodium sulfate solution, 
filtering out any precipitate that forms and then test- 
ing the filtrate for potassium ions. On a spot plate, to 
several drops of the zirconium sulfate reagent solu- 
tion, add one or two drops of test solution from the 
pyrotechnic composition. A white precipitate is a 
positive test for potassium. 


Silicon (elemental): Elemental silicon reacts with so- 
dium hydroxide solutions, releasing hydrogen gas. 
Aluminum reacts similarly and must be removed be- 
fore the test. 


Test: Add a small quantity of the pyrotechnic compo- 
sition to a small quantity of distilled water, warm and 
agitate briefly. Separate the insoluble residue and 
warm it with concentrated hydrochloric acid until gas 
no longer evolves. Separate the remaining insoluble 
residue and wash it with distilled water. Warm this 
residue with a sodium hydroxide solution (15 g sodi- 
um hydroxide in 100 mL); the evolution of gas indi- 
cates silicon. As confirmation, remove any insoluble 
residue and place a drop or two of the clear solution 
in a micro test tube. Add a drop of benzoin solution 
(0.5 g benzoin (2-hydroxy-1,2-diphenylethan-1-one) 
in 100 mL ethanol), followed by a few milligrams of 
solid mannitol, a drop of hydroxylammonium chlo- 
ride solution (0.2 g hydroxylammonium chloride in 1 
mL distilled water) and a few drops of formamide. 
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Mix these well. Pour some of the contents of the micro 
test tube onto a watch glass and shine a UV lamp on 
it. A green fluorescence confirms the presence of sili- 
con. It is recommended to carry out a blank determi- 
nation to check for contamination of the reagents. 


Strontium lon: See above: Barium and Strontium Ions. 


Sulfate (soluble): Add a small quantity of the pyro- 
technic composition to a small quantity of distilled 
water and agitate briefly. Separate the soluble com- 
ponents now in solution from the insoluble residue. 
Soluble sulfates may be detected by putting a few 
crystals of sodium rhodizonate on a spot plate de- 
pression, adding two drops of water and then one 
drop of barium chloride [BaCl):2H2O] solution (6 g 
barium chloride dihydrate in 100 mL of distilled wa- 
ter), which forms a red precipitate. Now add several 
drops of the test solution of the pyrotechnic composi- 
tion. If the red color disappears from the precipitate, 
soluble sulfates are present. 


Sulfur (elemental): Some old references recommend 
using carbon disulfide to dissolve and extract sulfur 
from a sample of the pyrotechnic composition. This 
is no longer recommended, as the solvent is too dan- 
gerous for use except under controlled laboratory 
conditions. It is volatile, highly flammable and ex- 
tremely toxic. Furthermore, it does not dissolve all 
forms of elemental sulfur (e.g., the polymeric sulfur 
present in ‘flowers of sulfur’ is not dissolved). Pyri- 
dine has also been recommended, as it dissolves all 
forms of sulfur, but it is poisonous and unpleasant to 
use because of its disgusting odor. Solvents are best 
avoided in testing for sulfur. 


Test 1: Sulfur can often be recognized by its distinc- 
tive yellow color and its low melting point (115 °C). 
Add a small quantity of the pyrotechnic composition 
to a small quantity of distilled water and agitate brief- 
ly. Separate the soluble components, now in solution, 
from the insoluble residue; then dry the residue. A 
hot needle inserted into a tiny pile of the dried resi- 
due promptly melts any elemental sulfur that it 
touches, producing a distinctive blob of melted sulfur 
that may be easily be recognized, especially under 
magnification. 


Test 2: Add a small quantity of the pyrotechnic com- 
position to a small quantity of distilled water and agi- 
tate briefly. Separate the soluble components, now in 
solution, from the insoluble residue. Mix a small 
amount of the remaining residue with an excess (a 
few hundredths of a gram) of solid benzoin (2- 
hydroxy-1,2-diphenylethan-1-one) and place the mix- 
ture in micro test tube. Cover the mouth of the test 
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tube with a piece of filter paper moistened with lead 
acetate [Pb(C2H302)2:3H20] solution (0.2 g lead ace- 
tate trihydrate in 10 mL distilled water), and then 
immerse the bottom end of the test tube into glycerol 
heated to 130 °C in a small beaker. Carefully heat the 
glycerol to 140 to 150 °C while observing the filter 
paper. If it turns brown or black, elemental sulfur was 
present in the sample. 


Titanium Metal: Titanium metal warmed with a strong 
(1:1) solution of concentrated sulfuric acid in distilled 
water evolves hydrogen gas and dissolves, forming a 
violet-colored solution. On exposure to the air, the 
violet solution slowly becomes colorless. Addition of 
a drop of 10% hydrogen peroxide to the now color- 
less solution produces an intensely yellow-colored 
solution if titanium is present. 


Whistle Composition Analysis by Spot Tests: Picrate 
whistles are now rarely encountered; they can be eas- 


ily recognized by the bright yellow color of the com- 
position. Modern whistles are most commonly made 
with potassium perchlorate and one of two organic 
compounds: sodium salicylate or sodium benzoate. 
These two organic compounds may be easily distin- 
guished by the following test. 


Test: Add a small quantity of the pyrotechnic compo- 
sition to a small quantity of distilled water and agitate 
briefly. Separate the soluble components now in solu- 
tion from the insoluble residue. Add a drop of aque- 
ous iron(II) chloride [FeCl3-6H2O0] solution (13.5 g 
iron(II) chloride hexahydrate and 2 mL concentrated 
hydrochloric acid dissolved in 100 mL of distilled 
water) to a drop of test solution of the whistle com- 
position. Sodium salicylate produces a dark purple 
solution and eventually a reddish precipitate. Sodium 
benzoate produces a cream-colored to light-brown 
precipitate. 


Occasionally trihydroxy-benzoic acid (combined 
with potassium chlorate) may be used in whistles. 
Test: Add a small quantity of the pyrotechnic compo- 
sition to a small quantity of distilled water and agitate 
briefly. Separate the soluble components now in solu- 
tion from the insoluble residue. Add a drop of aque- 
ous iron(II) chloride [FeCl3-6H20] solution (13.5 g 
iron(II) chloride and 2 mL concentrated hydrochlo- 
ric acid dissolved in 100 mL of distilled water) to a 
drop of test solution of the whistle composition. If 
trihydroxy-benzoic acid is present, a greenish-black 
solution will be formed. 


Chlorates and perchlorates can be tested for with the 
appropriate tests (see above), keeping in mind that 
both chlorate and perchlorate may be present 
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Potassium benzoate has occasionally been used in 
whistles. Like sodium benzoate, it will give a positive 
test for benzoate, but it will not give an intense yel- 
low sodium flame in a flame test. 


Some whistles of Chinese origin are made with po- 
tassitum dihydrogen phthalate. Test: Add a small 
quantity of the pyrotechnic composition to a small 
quantity of distilled water and agitate briefly. Sepa- 
rate the soluble components now in solution from the 
insoluble residue. Add a drop of aqueous iron(III) 
chloride [FeCl3:6H2O] solution (13.5 g iron(IID) chlo- 
ride hexahydrate and 2 mL concentrated hydrochloric 
acid dissolved in 100 mL of distilled water) to a drop 
of test solution of the whistle composition. If 
phthalate is present, a sparse whitish precipitate will 
be formed. This test cannot detect phthalates in the 
presence of salicylates and benzoates, as these form 
precipitates that would hide the sparse precipitate 
formed by phthalates. 


SPOULETTE — See spolette. 


SPRAY DRYING -— A process that produces dry solid 
particles from a solution or slurry_by converting the 
liquid or slurry into droplets that are then rapidly 
dried by exposure to a hot gas (typically air). De- 
pending on the operating conditions, such a process 
can produce particles ranging in size from fine pow- 
ders to the bead-like agglomerates often referred to as 
prills. Spray drying is a convenient way to prepare 
free-flowing powders or prills from hygroscopic 
chemicals such as ammonium nitrate. 


SPREADER STAR - (Also electric spreader star, zinc 
spreader star or granite star) — A type of zinc- 
containing firework star that burns fiercely, spreading 
small, burning pieces of the star as it moves through 
the air. The zinc causes the star to produce a soft blu- 
ish-greenish-white color that is unusual and quite at- 
tractive. Spreader stars are seldom used today be- 
cause they are quite heavy, and it is difficult to have 
them perform reliably. Two formulations for spreader 
stars are presented farther below (Weingart, 1947). 


Formulation 1 is for ‘electric spreader’ stars for shells 
and rockets. It was claimed that a well-made pellet, 
about the size of a pea, would spatter over an area of 
15 feet when ignited. All ingredients, except the 
charcoal, had to be mixed thoroughly, and then 
dampened until quite wet. The charcoal was then 
mixed in and the stars were formed with a hand 
pump. Formulation 2 is for ‘granite stars’ (named for 
their appearance after being made), which produces a 
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Formulation —| Parts by Weight 
Ingredient | 1) 


bluish star with a charcoal tail, but it does not splatter 
quite like formulation 1. 


SPRENGEL EXPLOSIVE - A type of explosive intro- 
duced by German-British chemist Hermann Sprengel 
(1834-1906) in 1871 (British patent 9212642). These 
were binary explosives, mixed together just before 
use to produce a cap sensitive explosive. Among the 
oxidizing agents suggested were potassium chlorate, 
strong nitric acid (probably so-called red fuming ni- 
tric acid) and liquid nitrogen dioxide (actually dini- 
trogen tetraoxide). Among the combustible materials 
suggested were nitrobenzene, carbon disulfide and 
picric acid. Compositions of three of these explosives 
are presented below (Davis, 1943) where the formu- 
lations were described as hellhoffite (1), oxonite (2) 
and rack-a-rock (3). 


Formulation —|Parts by Weight 
Ingredient | 


a) Trinitro-phenol is picric acid. 
b) Fuming. 


panclastites — A class of liquid Sprengel explosive 
made by mixing various percentages of liquid nitro- 
gen dioxide with liquids such as carbon disulfide, ni- 
trobenzene and gasoline. 


Promethees — A Sprengel explosive made by satu- 
rating paper-cased cartridges of potassium chlorate 
(containing 5 to 20% manganese dioxide) with a mix- 
ture of approximately 50% nitrobenzene, 30% naph- 
tha and 20% turpentine. 


Cheddite explosive — A class of explosive that is 
closely related to the Sprengel explosive. See Chedd- 
ite explosive. 
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SPRITZEL — A term to describe incandescent dross drop- 
lets produced by burning glitter composition. These 
droplets subsequently react with atmospheric oxygen 
to produce the flash reaction characteristic of the glit- 


ter effect, illustrated below. (See glitter chemistry.) 
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Spritzel is derived from the German-word spritzen, 
meaning spray, spatter, spurt or sprinkle. 


SPUN FUSE — A generic term for various fuse types 
with one or more wraps of thread (and possibly pa- 
per) around its powder core and/or on the outside of 
the fuse. Some examples of spun fuse include all the 
Bickford fuse types, visco fuse and some igniter 
cords. For spun fuse, the ease of its ignition, and the 
amount of end spit and side spit (see fuse spit) de- 
pend greatly on details of its construction. 


SPUN SHELL LEADER FUSE (fireworks) — An espe- 
cially fast-burning type of Bickford fuse occasionally 
used as a shell leader on some Chinese aerial fire- 
work shells. This fuse is 0.18 inch (5 mm) in diame- 
ter and has a burn rate similar to some types of so- 
called instantaneous fuse, despite being quite similar 
in its physical appearance and construction to con- 


ventional spun time fuse. A specimen of spun shell 
leader fuse is shown below. 


Details of its construction are shown below. A safety 
cap (A) at the ignition end of the fuse protects the 
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time fuse is coupled to the end of the fast-burning 
spun shell leader fuse (C) inside a paper wrap, as 
shown in the lower picture. This short length of time 
fuse provides a delay of approximately 3.5 seconds 


between its ignition and the ignition of the spun shell 
leader fuse. 


The internal construction of spun shell leader fuse is 
shown farther below in transverse cross-section. There 
are three powder threads (A) within an ample powder 
core (B). The powder appears to be, and burns in a 
manner consistent with, commercial Black Powder. 
Two wraps of thread (C) enclose the powder core, 
followed by two thin wraps of kraft paper (D). A layer 
of asphalt-like material (E) between the paper wraps 
protects the core from moisture. The outside of the 
fuse consists ofa relatively sparse wrap of threads (F). 


The fuse powder (B) is quite coarse, with approxi- 
mately 90% (by weight) being retained by a 60-mesh 
sieve. In contrast, approximately 90% of the powder 
in typical time fuse passes through a 200-mesh sieve. 
The coarseness of the fuse powder in spun shell lead- 
er fuse, along with the substantial physical strength of 


its enclosure, results in the fuse powder burning in a 
pressure-driven manner (1.e., propagatively) rather 
than in the parallel burning manner characteristic of 
time fuse (see burn type, pyrotechnic). When a long 


slurry-primed end of a 1.2-inch (30 mm) length of 
time fuse (B) that serves as a delay element. This 
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piece of spun shell leader fuse is ignited it begins to 
burn comparatively slowly while the reaction zone is 
still close to the ignition end of the fuse, and the com- 
bustion gases can leave the fuse relatively easily. As 
burning proceeds, the internal pressure builds, and 
the burn rate accelerates. Relatively short lengths of 
this fuse (on the order of a few inches) have burn rates 
of approximately 13 inches per second (0.33 m/s). 
Longer lengths (on the order of a few feet) have burn 
rates of approximately 2 feet per second (0.6 m/s), 
which is about 25% of the typical burn rate of the 
lengths of quick match commonly used as shell leaders. 


Spun shell leader fuse has the advantage, over shell 
leaders made from quick match, of possessing sub- 
stantially greater physical strength and of being high- 
ly resistant to damage, especially by moisture. Com- 
pared to quick match, spun shell leader fuse has the 
disadvantage of being difficult to bundle compactly. 


There are also some unexpected hazards associated 
with the use of this type of shell leader. Unlike burn- 
ing time fuse, spun shell leader fuse will spurt flame 
and sparks all along its length as it burns. Quite 
forceful eruptions of sparks and flame occur every 
one to four inches (25 to 200 mm) along the length of 
the burning fuse, as a result of the very high internal 
pressure produced inside the fuse as it burns. Users of 
spun shell leader fuse should be aware of this charac- 
teristic and take all necessary precautions. If spun 
shell leader fuse should happen to be removed from 
an aerial shell and set aside for future use, it is possi- 
ble that the spun shell leader fuse might later be con- 
fused with time fuse, as these two very different 
types of fuse can be quite similar in appearance. If 
this were to happen, the very fast-burning fuse might 
accidentally be used instead of time fuse, with disas- 
trous consequences. 
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SPUR FIRE — A firework spark effect that consists of 


orange (i.e., golden) branching sparks emanating 
from a glowing dross droplet. It is produced by the 
combustion of droplets consisting principally of mol- 
ten potassium sulfide that also contains finely- 
divided carbon. Senko-hanabi is a Japanese term de- 
scribing the device (or effect) when the device is held 
suspended (i.e., unmoving). In England, it was for- 
merly common to see fountains (often described as 
flowerpots) that produced a spray of such dross drop- 
lets moving through the air. The term spur fire origi- 
nates from the peculiar appearance of these reacting 
sparks, which was somewhat similar to the rowels of 
the spurs worn on the boots of horseback riders. The 
halo of subsidiary sparks ejected from each reacting 
spark can be of a surprisingly large. Spur-fire effects 
are best appreciated when viewed close. 


Cast iron, steel and other metal sparks may also 
branch and may occasionally be described as spur 
fire, but the term is more properly applied to the 
unique effect described above. 


SQUIB (noun) — A term used over the years for a col- 


lection of rather different devices. Eventually, squib 
came to be used for any device used to ignite some 
other pyrotechnic composition. Consistent with this 
usage, for many years electric matches were referred 
to as squibs. The preferred usage today is to clearly 
distinguish between electric matches and other devices 
that incorporate an electric match (or similar igniter). 
These other devices contain an additional quantity of a 
pyrotechnic composition (i.e., a base charge), which is 
used to ignite the main pyrotechnic charge of another 
device. An example of what today is properly de- 
scribed as a squib is illustrated below in cross section. 


Pyrotechnic Metal 
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Electric Match Sealing Plug 


Assembly 


A great variety of devices containing an electric 
match and a variety of pyrotechnic base charges are 
used today in aerospace applications, in industry and 
in theatrical special effects. Two examples of modern 
squibs are shown below. 
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The critical difference between an electric match and 
a squib in the preferred modern usage is that a squib 
contains a pyrotechnic base charge in addition to an 
electric match (i.e., fuse head) and is usually enclosed 
in a metal or plastic case, appearing much like a 
small detonator. 


Historical: The word squib dates to the 17™ century 
when it was applied to a small pyrotechnic device 
used as an igniter for charges of Black Powder in 
mining and other types of blasting. These devices 
consisted of a small tube of rolled parchment that was 
blocked with wax on one end. It was then filled with 
granulated Black Powder and fitted with some meth- 
od of ignition, usually touch paper or a thin piece of 
black match. Instead of a parchment tube, sometimes 
goose-feather quills were used. Such a squib was a 
tiny rocket-like device. A box of commercially- 
manufactured squibs with three examples of this type 
of squib are shown below. These squibs were de- 
signed to be used for igniting Black Powder charges 
in mining 
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Improved Safety Squibs, Rocket No. 1 


A PART OF THE MATCH IS WITHIN THE SQUIB. NO SEAL TO CUT OFF. EXAMINE EACH SQUIB BEFORE USING. 


An example of the type of container a miner would 
use to carry squibs without them getting wet or oth- 
erwise damaged is shown below. 


Photo credit: David Johnson (www. miningartifacts.org) 
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These squibs were used by placing them in the open 
end of a hole drilled into a rock face, after the drill 
hole had been loaded with its charge of Black Pow- 
der. Upon its ignition, and after a brief (and some- 
what unpredictable) delay, the burning squib would 
jet into the bore hole and ignite the Black Powder 
therein. Obviously, by today’s safety standards, this 
technique would be unacceptable. 


The ‘improved’ nature of the Roberts’ Safety Squibs 
— noted on the box label above — stems from the fact 
that instead of having the end blocked by a tiny wax 
plug, which had previously been the technique, the 
end of the squib was blocked with a small plug of 
Black Power composition bound with an adhesive. 
With wax-plugged squibs, it was necessary to cut off 
the end of the wax-plugged squibs just before use to 
ensure fire reached the powder charge. With the new 
improved squibs, this was not necessary. The small 
red-lettered printing on the box reads: ‘Part of the 
match is within the squib. No seal to cut off. Examine 
each squib before using.’ The precise origin of the 
term squib is unknown although it is thought it may 
be an onomatopoeia (in this case, a word that sounds 
like that made by the burning of the device as it jets 
down a bore hole.) 


Squibs were common in England in the 19" century 
and were often fired for entertainment by children. 
When ignited on the ground, their performance was 
highly unpredictable as they jetted along with a hissing 
sound. 


Squibs became so familiar that the term squib was in- 
corporated into the common language and took on a 
variety of other meanings. For example: 1) Any event 
or thing that failed to live up to expectations could be 
described as a damp squib. 2) Squib has come to mean 
a short, often sarcastic or witty, speech or essay. 3) 
Squib may be used to describe the writer of a lam- 
poon. 4) Squib has been used to describe an individu- 
al who is thought of as having no importance. 


In fireworks: Firework companies were quick to capi- 
talize on the entertainment value of a device that 
would jet unpredictably along the ground. Consumer 
firework devices called squibs that performed in this 
manner were manufactured in various sizes; tradi- 
tionally, their performance concluded with a report 
produced by a charge of granular Black Powder lo- 
cated just under the closed end of the cardboard case. 
An example of such a firework is shown below. In 
the US, such devices were usually described as chas- 
ers. In the example below, the word electric describes 
the electric effect produced by the burning composi- 
tion, not its method of ignition. 
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It is still common for pyrotechnists performing fire- 
work displays to describe electric matches incorrectly 
as squibs; true squibs are never used as igniters in 
firework displays. 


In rocketry: Squib is sometimes used incorrectly to 
describe the simple electrical igniter used in model 
rocketry; true squibs are not commonly used as model 
rocket motor igniters. Some high-power rocket ignit- 
ers, such as those having additional pyrotechnic ma- 
terials added to a standard electric match, may 
properly be described as squibs. 


In special effects: Squib describes a variety of small 
electro-explosive devices used in the entertainment 
industry to produce several small explosive and spark 
effects. As with squibs in general, they are the com- 
bination of an electric match and a base charge of py- 
rotechnic or explosive material. Often bullet hits are 
described by special effects technicians as squibs. 


Some devices used in special effects, which are de- 
scribed as squibs, have a small base charge of a high 
explosive. It would be more technically correct to de- 
scribe these devices as small detonators or, if not en- 
cased in a metal jacket, as soft detonators. 


SQUIB (verb) — The act of attaching or installing a 
squib (or electric match) to or into another pyrotechnic 


device. To be consistent with current usage, the act of 


installing electric matches would better be described 
as electric matching. 


In some countries (mainly the UK), the act of firing 
the squibs (or electric matches), and thus the devices 
to which they are attached, may also be described as 
squibbing. In the UK, squibbing was used to describe 
an activity in which people gathered to engage in the 
firing of the consumer fireworks called squibs (de- 
scribed above), usually in public and in a somewhat 
haphazard and exuberant fashion, and most commonly 
as part of the celebration of Guy Fawkes Day. 


sr — The symbol for steradian. 

Sr —The symbol for the chemical element strontium. 

SSM — Abbreviation for static stability margin. 

STAB (explosives) — The method of initiating a pyro- 
technic or explosive device that uses the penetration 


of a small firing pin directly into a friction-sensitive 
priming composition. (See stab primer.) 
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STAB DETONATOR - See stab primer. 


STABILITY — The ability of a pyrotechnic or explosive 
material to retain the chemical and physical proper- 
ties specified by the manufacturer, when exposed to 
specific environmental conditions over a time period. 


Stability has also been used in reference to how easi- 
ly a composition will ignite or explode, from various 
ignition stimuli. In this context, thermite would be 
described as having high stability and Armstrong’s 
mixture as being highly unstable. While this is not 
the proper use of the term, it continues to occasionally 
be used in this way, especially by non-professional 
pyrotechnists. 


STABILITY TEST — An accelerated test to determine 
the likelihood that some device or material will be 
suitable for use after some specified period when ex- 
posed to some specified ambient conditions. For ex- 
ample, in the US, to obtain an EX number for trans- 
portation of pyrotechnic compositions and devices, 
they must be exposed to a relatively high temperature 
(75 °C, 176 °F) for 48 hours without undergoing any 
detectable reaction or decomposition. 


STABILIZER (chemical) — A substance added to a py- 
rotechnic composition or explosive material that acts 
to stop or retard its decomposition or degradation. In 
this context, stabilizers may be described as anti- 
aging agents. Stabilizers are especially important for 
explosives (such as nitrocellulose) that are prone to 
self-catalyzed decomposition. 


Examples: In nitropolymers, such as_ single-base 
smokeless propellants (i.e., nitrocellulose), 2-nitro- 
diphenyl-amine [CeHsNHC.¢H4NO2] {CAS 119-75-5} 
is used to limit the auto-catalytic reaction that would 
otherwise decompose the nitropolymer. This is ac- 
complished by the stabilizing agent acting to remove 
nitrogen dioxide [NO2] molecules that split off from 
nitropolymers during their aging. If the nitrogen di- 
oxide molecules were not removed, they would cata- 
lyze the further decomposition of the nitropolymer. 


Some pyrotechnic compositions are sensitive to pH. 
For example, slurries of sparkler composition (com- 
bining a nitrate and aluminum) are sensitive to alka- 
line conditions. These compositions are often pH sta- 
bilized by the addition a small amount of a weak ac- 
id, commonly boric acid. Other compositions (most 
notably those containing chlorates) are sensitive to 
acidic conditions. These compositions are frequently 
pH stabilized by the addition of a small amount of a 
carbonate. 
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In some applications, the stabilization of a pyrotech- 
nic composition may be achieved by the encapsula- 
tion of one or more if its ingredients. When red phos- 
phorus is exposed to moist air, phosphoric acid can 
form on the surface of its particles. This can be espe- 
cially troublesome in compositions, such as Arm- 
strong’s mixture, where chlorates are also present. 
One way to limit the problem is to use so-called sta- 
bilized red phosphorus, in which the particles of red 
phosphorus have been thinly coated with a water- 
resistant polymer. In this context, stabilized red 
phosphorus may be described as encapsulated. 


In compositions containing magnesium, potassium di- 
chromate can be used as a stabilizer to limit moisture- 
induced adverse reactions by forming a conversion 
coating on the surface of the magnesium particles. 


STABLE DETONATION VELOCITY — See velocity of 
detonation. 


STABLE EQUILIBRIUM — See equilibrium. 


STAB PRIMER — (Also stab detonator) — A device used 
in a variety of applications (mostly military). Stab 
primers differ from percussion primers, such as 
small-arms primers, in that they typically do not con- 
tain an anvil for the striker (i.e., firing pin) to act 
against. Also, the striker used is much more pointed 
than a typical firing pin and usually has a rough sur- 
face. The striker is intended to penetrate the stab pri- 
mer, where a combination of friction and percussion 
initiates the primer composition. 


While some stab primer compositions (e.g., formula- 
tion 1 below) do not contain a primary high explo- 
sive, most contain a substantial percentage (e.g., for- 
mulations 2 to 4) of a primary high explosive. 


Formulation | Parts by Weight 
Ingredient | CORR ORRC BEC) 


Mercury(Il) ft 


rium nitrate 


a) Lead thiocyanate [Pb(SCN)2] {CAS 592-87-0}. 
1 and 3) Conkling, 1985. 2 and 4) Ellern, 1968. 
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Since most stab primers contain a substantial amount 
of a primary high explosive, they are much more bri- 
sant upon functioning. Such stab primers (although 
small) are capable of directly initiating secondary 
high explosives, which is the basis for describing 
such primers as stab detonators. 


STACKED SHELL — See muiltibreak aerial shell (piled 
shell). 


STACK GUN — A pyrotechnic de- 
vice used to clear heavy accu- 
mulations of soot from industri- 
al smokestacks, thus restoring 
their efficiency. The device (il- 
lustrated to the right) can be 
made from a piece of steel shaft, 
approximately 4 inches (~ 100 
mm) in diameter and about 14 
inches (~ 350 mm) long. A cen- 
tral hole (approximately 1.75 
inch, 44 mm) in diameter is 
bored to a depth of about 10 
inches (~ 250 mm). Finally, a 
fuse hole is drilled through the 
side of the device, near the bot- 
tom of the central hole, and a 
base is welded on. 


Illustration credit: Du 
Pont Blaster’s Hand- 


book, 5" ed., 1928. 
The device is prepared for use by 


inserting a short length of blasting safety fuse into the 
fuse hole, loading the central hole with 3F blasting 
Black Powder to within approximately 2 inches (50 
mm) of its top, and tamping dry clay into the central 
hole the rest of the way to its top. For use, the device 
is placed in the approximate center of the smokestack 
at its base. Upon firing, the resulting blast wave pro- 
gresses up the smokestack, loosening the bulk of the 
accumulated soot. 


STAGE (rocketry) — A device or system incorporating a 
rocket motor that accelerates the device to a final ve- 
locity that depends on several factors including the 
mass of the device, the mass of the propellant, the 
exhaust velocity of the combustion products of the 
propellant and the resistance offered to the motion of 
the device by the medium through which it is travel- 
ling. Most model rockets and firework rockets are 
single-stage. Multistage rockets consist of two or 
more stages that perform sequentially. The first stage 
accelerates the system from an initial velocity (usually 
zero) to a high velocity, and then releases the second 
stage to commence its acceleration starting from that 
high velocity. 
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The idea of having a large rocket carry a 
smaller one is ancient; examples hav- 
ing been cited from 14" century de- 
scriptions of Chinese and Korean war 
rockets. The concept was made explicit 
by Saxon military engineer Conrad 
Hass (1509-1576) in a manuscript 
discovered in 1961. Polish artillery- 
man Kazimierz Siemienowicz 
(c. 1600—c.1651) presented the same 
idea in “Artis Magnae Artilleriae” 
(The Great Art of Artillery) published 
in 1650. An illustration from this book 
at the right. 


The second and third stages of such a 
rocket lacked any means of stabiliza- 
tion; consequently, their flight would 
have been somewhat erratic. Later py- 
rotechnists (e.g., Jones, 1766) made 
provision for the stabilization of all 
stages with sticks; such rockets, nor- 
mally with only two stages, were used 
in firework displays under the name 
‘Towering Rockets’. The application 


i | 
Tt 


TMT 


of multistage rockets to space flight Illustration 
was proposed and justified with de- Credit: 
tailed calculations by Russian scientist Siemienowicz, 
Konstantin Eduardovich Tsiolkovsky 1650 

in 1929. 


STAGE AMMUNITION - See blank cartridge. 


STAGE BLOOD — A liquid substance having the ap- 
pearance of human blood. One early type of stage 
blood was composed of corn syrup (for high viscosi- 
ty), red food coloring and chocolate syrup (for opaci- 
ty and to darken the red color). While quite realistic 
in appearance, this combination will seriously stain 
objects such as clothing and skin. Newer, proprietary 
formulations are available that are realistic in appear- 
ance and much less likely to stain; some are even 
non-staining. wes 


A-B blood — A pair of | 

clear, colorless liquids that, | 
when combined, produce a 
murky, dark-red liquid ap- 
pearing to be blood. An ex- 
ample of A-B blood is 
shown at the right. It is 
thought that this effect is 
produced in a manner like 
the old magic trick of turn- 
ing water to blood or wine 
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using various concentrated solutions of potassium thi- 
ocyanate and iron(II) chloride. 


The effect produced is shown below. 


BA) =e aa 
In the first image, a thin coating of the B-liquid has 
been applied to the back of the performer’s hand. In 
the second image, a dull knife with a thin coating of 
the A-liquid on its surface is being drawn across the 
performer’s hand. 


The third image (below) is the result of the effect. 
The final image demonstrates the desirable aspect of 
this A-B blood in that it is non-staining and can simp- 
ly be washed from the performer’s hand. 


tens || iy ‘et 7¥, 


STAGE MAROON — See maroon. 


STAGING (rocketry) — The separation of a rocket stage 
from a preceding stage using a multi-staging tech- 
nique. (See rocket, multistage.) 


STAGING AREA — See discharge site. 


STAGNATION CONDITION (rocketry) — The specific 
conditions of temperature and pressure corresponding 
to those in an infinite reservoir from which fluid is 
accelerated isentropically to its actual velocity and 
thermodynamic state. 
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STAGNATION POINT — A point where the velocity of 


the airflow or compressible fluid (e.g., gas) flow is 
brought to zero. Typically, this is because the flow has 
met a solid body, and the flow divides to pass around 
the body, as illustrated below. 


aX 


t Barrier Stagnation Point 


With respect to an airfoil or streamlined body, there 
are two stagnation points, one at the very leading 
edge of the section and one at the trailing edge of the 
section. At the stagnation point, pressure is at a max- 
imum and the temperature is higher than the free 
stream temperature of the fluid by an amount that is 
directly related to the velocity of the air or fluid flow. 
(See pressure, stagnation and temperature.) 


STAGNATION PRESSURE and STAGNATION TEM- 
PERATURE — See pressure, stagnation and tempera- 
ture, respectively. 


STAIR-STEP METHOD - See sensitiveness test protocol 
(Bruceton method). 


STAMP MILL — See mill. 


STANDARD AMBIENT TEMPERATURE — See temper- 
ature. 


STANDARD ATMOSPHERE (US) — A hypothetical, 
vertical distribution of atmospheric temperature, 
pressure and density, which, by agreement, is taken 
to be representative of the atmosphere for various 
purposes including rocket design, ballistic calcula- 
tions and explosive air-blast effects. 


The major constituents of the atmosphere are nitro- 
gen (78.1%), oxygen (21.0%), argon (0.9%) and car- 
bon dioxide (0.04%). 


A summary of the values for temperature (T, in kel- 
vin), pressure (P, in bars), density (p, in kilograms 
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per cubic meter) and the speed of sound (c;, in meters 
per second) as a function of elevation (z, in meters) is 
presented below. 


STANDARD BALLISTIC CONDITIONS — See ballistic 
conditions. 


STANDARD, CALIBRATION — See calibration standard. 


STANDARD CONDITION — See standard temperature 
and pressure. 


STANDARD DEVIATION - See statistic. 


STANDARD DIMENSIONAL RATIO — (Abbreviated 
SDR) — A number used to indicate the ability of a 
pipe to withstand pressure. The SDR is the ratio of the 
pipe’s outside diameter to its wall thickness; a lower 
SDR indicates a greater ability to withstand pressure. 
Specifications for some HDPE pipe that might be 
used to make firework mortars are presented below. 


= [28 


a) All dimensions are in inches; multiply by 25.4 to convert 
to millimeters. 


In considering the above specifications, when pipes 
of the same nominal size but with two different di- 
mensional ratios are available, it might seem that the 
smaller SDR would be the better choice for firework 
mortars. While HDPE pipe manufacturers must make 
their pipe with the correct OD (to have their pipe 
properly mate with standard fittings) they tend to 
make their pipe with slightly thicker walls, presuma- 
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bly to make certain that the pipe meets its minimum 
burst strength specification. The result is that almost 
universally the pipe will have a smaller ID than is 
specified, often by as much as 0.1 inch (2.5 mm); this 
can prevent some aerial shells from being readily in- 
serted into the mortar. For this reason, it is rather 
common to choose the larger SDR pipe for making 
firework mortars. 


STANDARDIZE (statistics) — A statistical method some- 
times useful in comparing diverse data sets. First, the 
data is normalized to the mean (i.e., average) value of 
each data set. Then, the individual values are reported 
as the number of standard deviations above or below 
the mean. (See statistic (standard deviation).) 


STANDARD PRESSURE - See pressure, standard. 


STANDARD STATE — The most stable form of a chemi- 
cal substance under standard temperature and pres- 
sure. 


STANDARD TEMPERATURE — See femperature. 


STANDARD TEMPERATURE AND PRESSURE — (Ab- 
breviated STP) — The standard reference conditions 
of temperature and pressure. Unfortunately, there is 
still no consensus as to what those so-called standard 
conditions are. The current definition of STP from the 
International Union of Pure and Applied Chemistry 
(IUPAC) is a temperature of 0 °C (273.15 K or 32 °F) 
and an absolute pressure of 100 kPa (14.504 psi or 
0.986 atm). Before 1997, IUPAC specified the STP 
pressure as | standard atmosphere (101.3 kPa). 


Other authorities have specified STP as a temperature 
of 20 °C (293.15 K or 68 °F) and an absolute pressure 
of 101.325 kPa (14.696 psi or 1 atm). These are the 
same conditions commonly described as the Normal 
Temperature and Pressure (NTP) as used in engineer- 
ing in the US. To add to the confusion, chemical 
thermodynamic properties are commonly specified at 
25 °C (298.15 K) and at a standard pressure that was 
formerly 101.3 kPa and more recently 100 kPa. 


As a result of this variety of definitions for standard 
temperature and pressure, it is necessary to check 
carefully to make sure that consistent values are used. 
The idea behind STP was that it would not be neces- 
sary to state the pressure and temperature at which 
values were specified; it would be sufficient to write 
‘at STP’. In practice it continues to be necessary to 
state explicitly what values of STP are being used. 
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STAND-OFF — The distance an explosive charge is 


placed from a target at the instant of detonation. 
There is often an optimum value at which best per- 
formance is achieved. This is especially true for shaped 
charges. 


STAR (fireworks) — The primary functional unit of 


nearly all kinds of aerial fireworks. A star is a small 
pellet (usually a cube, cylinder or sphere) of compo- 
sition that is discharged from an aerial shell, mine, 
Roman candle or other device. It burns while in the 
air, creating a colored-flame, spark or other effect. 
Star compositions normally contain 4 or 5% dextrin 
or other binder to help ensure that the pellet holds to- 
gether while being assembled into the firework de- 
vice and does not disintegrate as that device operates. 


Stars are often described by the way in which they are 
manufactured, or by the shape of the stars produced. 
Stars may be formed as rough cubes, cylinders or 
spheres, and they may be described as cut stars, 
pumped stars or rolled stars, respectively (illustrated 
below). 


In addition to these three basic star types, there are 
also box stars and married stars. (For information on 
various star types, see star manufacturing.) 


Stars may also be described by the effect they pro- 
duce when burned. Color stars burn to produce a col- 
ored flame (see colored-flame chemistry.), normally 
without also producing a trail of incandescent sparks. 
Stars producing a trail of sparks are often described 
as comets or comet stars, some of which may also 
produce a colored-flame effect. When the effect pro- 
duced by stars changes distinctly as they burn, they 
are commonly referred to as color-changing stars, 
even if one or more of the effects produced is a comet 
effect. Recently, some high-color-purity firework 
stars have been introduced that are based on compo- 
site rocket propellant. These may be described as 
composite stars. When stars fail to ignite or fail to 
continue to burn after being forcefully propelled from 
a firework, they may be described as blind stars. 


star formulation — There are thousands of star 
formulations found in the pyrotechnic literature. A 
few (mostly modern) examples of the various types 
are presented and cross referenced below. 
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Modern, medium-intensity color star composition: A 
set of fairly-typical, modern star formulations based 
on potassium perchlorate (Hardt, 2001) for red (1), 
orange (2), yellow (3), green (4), blue (5), purple (6) 
and white (7) medium-intensity color stars is presented 
below. 


Formulation — 
Ingredient | 


Parts by Weight 


(2) | (3) | (4) 


Potassium perchlorate | 63 


Sodium oxalate 
monohydrate 


Formulation —| Parts by Weight 
Ingredient | 
64 58 


) 


Strontium carbonate | 8B 
Dextrin 5 45] 5 


Blended-color star composition: If one has a set of 
primary color compositions that are fully compatible 
with each other, they can be combined to make an ex- 
tremely wide variety of compositions resulting in a 
wide range of new colors. For background infor- 
mation on blended colors, see color mixing laws, ad- 
ditive. It is necessary for the compositions to be 
chemically compatible to avoid producing hazardous 
chemical combinations or combinations that interfere 
with the color production of one or more of the indi- 
vidual compositions. 


One set of compatible firework compositions (Veline, 
1989; as cited by Baechle, 1989) is presented below 
for red (8), orange (9), green (10) and blue (11) stars. 
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Formulation — 
Ingredient | 


Parts by Weight 
(8) | (9) | (10) | (11) 


Potassium perchlorate 


By blending these four base compositions, a wide 
range of composite colors can be produced, some of 
which are presented below. 


Parts by Weight 
of above Formulations 


New Color: | (10) | (11) 


Composite-color_star_composition: These composi- 
tions produce highly pure flame colors and are essen- 
tially composite rocket propellant with a small addi- 
tion of flame color-agents that burn with little smoke 
production. A series of formulations (Anderson, 1998) 
for red (12), orange (13), green (14), blue (15) and 
purple (16) composite star compositions are presented 
below. 


Formulation — Parts by Weight 
Ingredient | (12) | (13) | (14)| (15) 


Ammonium perchlorate | 85/85 | 50/85. | 85 
Barium nitrate 
ae eee Deed) Siete eres leer 
polybutadiene 
__.£esin (type R45) 


ii 


Calcium sulfate 


Gee i sie peace ee pele 
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a) Methylene diphenyl-diisocyanate [C1sH10N202] {CAS 
101-68-8} (Abbreviated MDI). 

Dioctyl adipate [C22H42O04] {CAS 103-23-1} (Abbreviated 
DOA). 


b 


a= 


High-intensity color star composition: Color stars pro- 
ducing higher intensity light output can be formulated 
by including metal fuels. The best choice for color 
purity is magnesium, but there can be associated dif- 
ficulties (see colored-flame chemistry). One set of 
high-intensity color star formulations, with a high 
percentage of magnesium, are presented below for 
red (17), amber (18), green (19), blue (20) and white 
(21) stars. 


Formulation — Parts by Weight 
Ingredient | (17) | (18) | (19) | (20) | (21) 
= : — | | | 


a) In compositions 17, 18, 20 and 21, the magnesium is 
100 mesh and is protected by using alcohol to solvate 
the shellac, which then acts as the binder. In composi- 
tion 19, the magnesium is 60 mesh and is coated with 
linseed oil. 


b) Composition 19 is bound using a solution of nitrocellu- 
lose in amyl acetate or acetone. 


17, 18, 20 and 21) Degn, 1970. 19) Shimizu, 1981. 


A commonly used compromise metal fuel for high- 
intensity color stars is the alloy magnalium (used in 
place of magnesium). Although magnalium does not 
usually require coating or non-aqueous binding for 
protection, it produces slightly less pure flame colors. 
The blended-color star compositions (discussed earli- 
er) are an example of the use of magnalium in color 
stars. 


Low-intensity white star composition: It is possible to 
make white stars of low intensity that are an aestheti- 
cally pleasing addition to traditional color stars in the 
same shell burst. Modern, metal-fueled white star 
compositions are too bright for such an application 
and overpower normal (1.e., medium-intensity) color 
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stars. White stars that are not excessively bright are 
sometimes described as being mild white stars and 
traditionally contained arsenic(II) sulfide or arse- 
nic(III) sulfide. Such stars are commonly listed in the 
older pyrotechnic literature. Other formulations for 
mild white fire are available that do not contain arse- 
nic compounds. Four examples of formulation for 
mild white fire are presented below; three of them do 
not contain any arsenic sulfide. 


Formulation —| Parts by Weight 
Ingredient | (22) | (23) | (24) | (25) 
E : l) | 


22 and 24) Weingart, 1947. 23) Ellern, 1968. 
25) Kentish, 1905. 


Strobe star composition: Strobe stars produce a bright 
blinking effect. For strobe effect star formulations, 
see strobe. 


Microstar composition: Microstars, as defined in this 
text, are tiny strobe stars that produce either a color 
or crackling effect. For color microstar formulations, 
most color-strobe stars can be used with little or no 
adjustment; see those included in the strobe entry. 
For crackling-microstar formulations, see those in- 
cluded in the microstar effect entry. 


Comet_star composition: Comet star compositions 
produce a wide range of different spark (particle) ef- 
fects. For persistent carbon and metal fueled spark ef- 
fect formulations, see comet composition. For glitter 
effect formulations, see comet composition and glitter 
chemistry. For firefly effect formulations, see comet 
composition. 


High nitrogen star composition: This new class of 
compositions can produce colored flames of excep- 


tionally high color purity with almost no smoke. For 
example, formulations, see high-nitrogen compounds 
in pyrotechnics. 


Illumination star composition: These stars burn espe- 
cially bright and may visibly illuminate the ground 


beneath them. For example, formulations, see i//umi- 
nation star. 


STAR AIRBURST — See airburst. 
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STAR BALL CONTRIBUTION- See ground spinner. 


STAR BURN TIME (aerial shell) — The average burn 
time for firework stars expelled from hard-breaking, 
spherical aerial shells functioning in the air is pre- 
sented below. 


: Star Burn ; Star Burn 


These data were collected by making video record- 
ings of approximately 150 bursts of various-size aeri- 
al shells from a combination of medium and high- 
quality shell manufacturers. The burn times are the 
average time interval between the shell burst and 
when approximately half of the stars had burned out. 


The burn time uncertainties reported are 1-sigma 
standard deviations. Because only approximately 150 
individual measurements were made, the reported 
burn times and their uncertainties were determined 
using regression curves. 


No consistent difference was found between the burn 
time of stars from the medium and high-quality shell 
manufacturers. There were insufficient data to pre- 
sent star burn time for less hard-breaking shells, but it 
is known that stars from these less hard-breaking 
shells often have longer burn times. For those shells 
with stars producing spark trails, the duration of the 
spark trail was not included as part of star burn time; 
spark trails can persist for longer than 3 or 4 seconds 
in some instances. 


It is also perhaps worth mentioning that the burn 
times reported are significantly less than most casual 
observers (even those with a long history in the fire- 
work trade) would have estimated. It is speculated 
that this discrepancy may be related to the significant 
emotional (i.e., psychological) response observers typ- 
ically experience while watching a firework display. 


STARCH — [(C6H100s)n, processed biological product] — 
{CAS 9005-25-8} 


Starch is a natural polymer of the carbohydrate glu- 
cose. There are many types of starch, typically char- 
acterized by the plant source (e.g., potato, corn, 
wheat or rice). Starch is commonly a white powder. 
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Starch is a fuel capable of low-temperature combus- 
tion, which makes it well-suited for colored smoke 
compositions. Some starches are also useful as binders. 
For example, glutinous rice starch is commonly used 
in the orient as a binder for firework stars. 


Health information: TLV-TWA: 10 mg/m’. 


UN hazard classification: not regulated. 
STARCH GUM - See dextrin. 


STARFISH — See aerial shell name and description 
(specific). 


STAR FORMULATION -— See star. 


STAR GUN (fireworks) — A small device used for test- 
ing stars by rapidly propelling a burning star through 
the air. Such testing is often necessary when develop- 
ing new star formulations. Tests with a star gun will 
show whether or not the new stars will ignite and stay 
ignited as they are propelled at high speed from an 
exploding aerial display shell, mine, rocket heading 
or Roman candle (see blown blind). Furthermore, 
tests with a star gun allow the quality of the flame 
color and/or spark effect of the stars to be properly 
assessed, which cannot be done by observing station- 
ary burning stars. 


An effective star gun can be a single tube of appro- 
priate length, firmly plugged on one end. Typically, 
the star mortar will have a small hole for the insertion 
of a fuse (e.g., visco fuse) to ignite a small Black 
Powder lift charge. A more elaborate arrangement, 
consisting of a collection of steel tubes (1.e., star 
guns) of various diameters welded to a steel base that 
can be used to propel stars of various sizes is shown 
below (viewed from the top). 
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To use a star gun, a short length of fuse is inserted in 
the fuse hole, then an appropriate amount of granular 
Black Powder (often 2 to 5 g) is loaded into the tube, 
followed by the star to be tested. During the actual 
testing, it is advisable for the principal observer(s) to 
be at an appreciable distance from the firing, to best 
view and evaluate the performance of the star under 
conditions similar to those of its intended use. A tita- 
mium comet star that was fired from a star gun at a 
slight angle from vertical (and with a mild wind from 
the left) is shown below. 


STAR MANUFACTURING (fireworks) — Three basic 
methods are used to make simple firework stars. Stars 
made in these processes may be described either by 
the process used or by the shape of the stars made by 
that process. In addition, there are other more special- 
ized star-manufacturing methods, such as those used 
to make box and married stars (see below), French 
splits, crossette comets, and color-changing stars. 


The proper dimensions of stars depend on the burn- 
ing characteristics of the star composition, the effect 
being produced and the size of the aerial device for 
which the stars are intended. Faster-burning composi- 
tions, brighter colors, more dense spark trails and 
larger shells require larger stars. Typical star size as a 
function of shell size is presented below. 
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cut star — (Also cube star or cubic star) — A star that 
is roughly cubic in shape. A small container of cut 
stars (roughly 0.3-inch, 8 mm, cubes) and a few indi- 
vidual stars are shown below. 


To achieve the desired consistency of the star compo- 
sition, it is necessary to use somewhat more water to 
make cut stars than other star types. The composition 
is usually moistened with as much as 12 to 15% wa- 
ter. The moistened composition is pressed (i.e., solid- 
ly compacted) into a rectangular wooden form. The 
form is then carefully lifted from around the compo- 
sition, leaving the mass of moist composition behind 
on the work surface. The mass of composition is de- 
scribed as a loaf and may somewhat resemble an un- 
sliced loaf of bread. 


Using a long, thin (and usually dull) knife, a slice of 
star composition is cut from the loaf, tipped to lie on 
its side and slid out of the way to make room for the 
next slice to be cut from the loaf. Once the loaf has 
had a few slices taken from it, then, (using the same 
knife) each slice is diced into small cubes of approx- 
imately the equal size. During the star cutting pro- 
cess, the large slices from the loaf are often allowed 
to rest on a thin layer of loose priming composition. 
This will help prevent the star composition stick to 
the work surface. Sprinkling dry prime composition 
over the top of freshly cut stars helps prevent them 
from sticking to other surfaces and to each other. 


Another way to make cut stars is to flatten the mois- 
tened composition into a large pancake-like mass 
with the thickness equaling that intended for the fin- 
ished stars. The flattening can be accomplished using 
a rolling pin or the equivalent. Then, the flat mass of 
composition is diced into cubes with a dull knife. 


Cut stars have sharp corners that aid in their ignition. 
Despite this, cut stars are usually primed. The prime 
composition will usually be applied by a process de- 
scribed as dusting (see prime application technique 
(prime dusting)). 


pressed star — (Also pumped star or cylindrical star) — 
A star, typically cylindrical in shape, formed by 
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compressing moistened composition in a suitable 
mold. A tray of many small pressed stars (approxi- 
mately 0.4 inch in diameter and 0.5-inch thick, 10 by 
12 mm, cylinders) and two larger pressed stars (ap- 
proximately 1.3 inches in diameter and 1 inch thick, 
33 by 25 mm, cylinders) are shown below. 


In the process of making pressed stars, the composi- 
tion is typically moistened with no more than about 
8% water. The exact percentage of water will vary 
with the amount of pressure applied when forming 
the stars. When only a relatively small number of 
stars are needed, a hand-operated star pump will usu- 
ally be used. When many stars are needed, star plates 
and a hydraulic press are usually used. An example 
of the use of star plates is shown below. 


Pressed stars have some sharp edges that aid in their 
ignition, but they are more tightly compacted and are 
thus less easily ignited than cut stars of the same size. 
Consequently, in most cases, pressed stars need to be 
well-primed; dusting with prime composition may not 
be effective, because they contain much less moisture 
than cut stars. One method of priming pressed stars 
that works well is described as slurry priming (see 
prime application technique (slurry priming)). 


rolled star — (Also spherical star or round star) — A 
star produced by rolling dampened composition onto 
a suitable core, as described below. Such stars are 
spherical in shape. A small handful of rolled stars (~ 
0.5-inch, 13 mm, diameter) is shown below. 


Encyclopedic Dictionary of Pyrotechnics 


Photo Credit: Garry Hanson, Precocious Pyrotechnics 


The most common method for making rolled stars 
uses a rotating barrel (sometimes described as a 
sweetie barrel); two examples are shown below. 


Photo Credit: Garry Hanson, Precocious Pyrotechnics 


Typically, the process of making rolled stars begins 
with loading several small cores into the barrel. The 
star composition will be deposited upon these cores 
in the process of forming the rolled stars. In the ori- 
ent, it is common for the cores to be either tiny cut 
stars or spherical plant seeds (e.g., rape seeds). In the 
US, it is more common for the cores to be tiny bits of 
dried pasta; Black Powder grains are also sometimes 
used. Rolled stars can also be started directly from 
finely-powdered star composition. 


After loading several small cores into the barrel, the 
size of the cores is then increased by the periodic ad- 
dition of increments of star composition while the 
barrel is rotating. In the orient, it is common for the 
star composition to be added in the form of a paste, 
which coats the exterior surface of the cores. Addi- 
tional dry star composition will be added only if 
needed. In the US, it is more common to spray water 
on the cores to wet them and then add dry star com- 
position that adheres to the cores. In either case, the 
process of growing the cores is repeated until the 
stars have reached the desired size. 
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During the process of growing rolled stars, the type 
of star composition can be changed to produce layers 
of different composition and, in so doing, produce 
color-changing stars. If the size of the stars is not 
carefully controlled during the rolling process, it may 
be necessary to dry and screen the stars to ensure 
their uniformity each time a different star composi- 
tion is applied to the cores. 


The final step in adding layers of composition is to 
apply a thick layer of prime (see prime application 
technique (prime layering)). 


box star — (Also pillbox star) — A type of star (still 
occasionally used in aerial shells) that is encased by 
pressing the star composition into a paper or thin 
cardboard tube. A piece of black match is often 
placed though the star to ensure ignition, as illustrated 
below in cross section. 
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Other methods of ensuring the ignition of box stars 
include heavy slurry priming (see prime application 
technique) of the exposed composition or inserting a 
small piece of black match a short distance into the 
composition (illustrated below in cross section). 
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Because box stars only ignite on rather limited sur- 
faces, their burn time is extended when compared to 
an ordinary star made of the same amount of compo- 
sition. Further, when it is necessary to have the star 
burn for an even longer time, these methods of ensur- 
ing ignition are limited to only one end of the star, 
with the other end covered in some fashion with non- 
ignitable material (usually pasted paper) (above, right). 


Originally this kind of star was described as a pill 
box star because in the 19" century, pharmacists of- 
ten sold pills in small cylindrical paper containers, 
some of which were of an appropriate size for mak- 
ing box stars. These pill containers were mass pro- 
duced and would presumably have been available to 
the pyrotechnists of that day, but contemporary books 
indicate that pyrotechnists typically rolled the paper 
tubes for themselves, rather than using commercially- 
available pill boxes. 
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Today, manufacturers seldom make box stars because 
they are too labor intensive to be economical. One 
occasionally finds stars from the orient that are made 
by pasting a thin wrap of paper around a pressed cy- 
lindrical star. These are in effect boxed stars, alt- 
hough the method of manufacturing them is different. 


One advantage of box stars is that they can usually be 
made to burn longer than typical pressed or cut stars. 
Box stars have the reputation for being especially el- 
egant because of their ability to produce long-lasting 
effects that fall a great distance before extinguishing. 
It is also easy to make color-changing or married box 
stars. 


married star — A type of star that consists of two or 
more different compositions, each typically in the form 
of a pressed cylindrical pellet, that are fastened to- 
gether to burn simultaneously. Their attachment (i.e., 
marriage) is typically accomplished by applying a 
wrap of kraft paper, secured with an adhesive, around 
the pellets (illustrated below in cross section). Cut 
stars can also be used, but this is much less common. 


4s Paper Wrap 


Composition 2 
Composition 1 


Prime 


The incentive for making these labor-intensive stars 
is to achieve a double (or multiple) effect not possible 
with a single composition. A good example of such 
an effect is a colored star leaving a glittering tail. If 
one wanted to make bright red stars that burn to pro- 
duce a glittering tail, married stars would be required, 
with one portion being a pellet of glitter star compo- 
sition and the other portion a pellet of bright red star 
composition. 


In other cases, such as a color star producing an elec- 
tric tail effect, it may be possible to produce this from 
a single carefully crafted composition. The star’s tail 
may not be as long as desired, and the color purity 
may well be less than desired. If so, married stars can 
yield improved performance. An example is shown 
below. 
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Photo credit: Dan Chubka 


With married stars it is also possible to make compo- 
site colors by attaching two different color effects. 
(See color measurement (composite color).) For ex- 
ample, married (i.e., combined) red and blue stars 
might produce an excellent purple, or a red and white 
might be used to make a desired shade of pink. 


Married stars are not common; they are simply too 
labor intensive and usually thought not to be worth 
the effort. Any star-manufacturing technique that 
demands that each star be handled individually is un- 
likely to be used in commercial manufacturing. For 
special situations such as competitions, married stars 
offer the potential to produce unusual effects and ef- 
fects of superior quality. 


special effect star — For some unknown reason, it 
is somewhat common for special effect technicians to 
refer to stars (both colored and comet) as gerbs. 


STAR MATCH -— See match, firework. 


STAR MINE — A firework mine or a special effect mine 
preload in which the projection of colored or other 
types of stars is the principal effect. Fireworks de- 
scribed as star mines may contain specialized insert 
devices in addition to stars. 


STAR PERFORATED GRAIN — A core-burning, rocket 
propellant grain in which the cross section of its core 
has a multi-pointed shape. This greatly increases the 
surface area of the core and thus increases the initial 
thrust produced by the grain. 


STAR PLATE — A device somewhat similar to a star 
pump but producing a much larger number of stars 
(commonly 100 to 400) in a single operation. These 
devices usually make cylindrical pressed stars, alt- 
hough they could be constructed to produce other 
shapes. Star plates are commonly used in commercial 
operations, where many thousands of uniform stars 


Encyclopedic Dictionary of Pyrotechnics 


must be manufactured per day. A tray of cylindrical 
stars produced by star plates is shown below. 


Star plates consist of a pair of relatively thick plates 
that are usually made of metal. One plate has many 
cylindrical holes, and the second plate has firmly af- 
fixed cylinders (often referred to as pins) on its sur- 
face that fit with minimal clearance into the holes of 
the first plate. An example of a separated pair of star 
plates (with more than three hundred, approximately 
0.25-inch, 6 mm, holes and pins) is shown below. 


Photo credit: Steve Majdali 


There are several minor variations in how star plates 
are used in practice. In one method, the two plates are 
first fitted together but held somewhat apart, such 
that the pins only enter a short distance into the plate 
with holes, as shown below. 


Photo credit: Steve Majdali 
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In this way, the holes are closed at their bottom but 
are open on the top end for loading with moistened 
star composition. 


Moistened star composition is then pressed by hand 
into the open holes (not shown). This is usually ac- 
complished by taking a portion of the moistened star 
composition and working it into holes. After remov- 
ing the excess composition from the surface of the 
top plate, the pair of plates is inserted into a press 
(typically a hydraulic press) having a press surface 
sufficiently large to cover the composition-filled 
holes of the star plates. When the press is operated, 
the star composition is compressed between the pins 
and one of the press surfaces. 


In the final operation, the star plates are repositioned 
in the press with supports on their corners. Thus, 
when the press is operated again, the pins will push 
out the now well-compacted star composition as dense, 
well-formed, cylindrical pellets. The star plates in this 
final position are shown below (without the stars). 


Photo credit: Steve Majdali 


In a slight modification of the use of star plates, the 
moistened star composition is first loaded into the 
hole plate without the presence of the pin plate. An 
example of this loading operation is shown below. 


The now-loaded star plate is taken to the press, which 
has the star plate with the pins already solidly affixed 
to one of the surfaces of the press, as shown below. 
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First, the press is operated with a solid surface below 
the star plate with the holes filled with star composi- 
tion, which compresses the composition into solidly 
formed pellets. Next, the solid press surface below the 
star plate holding the stars is slid out of position and 
the press is again operated. This time the pellets (i.e., 
stars) are forced from the holes in the first star plate. 


The diameter of the stars formed by star plates is de- 
termined by the diameter of the holes and pins in the 
star plates. These typically range from about 0.25 to 
1.0 inch (6 to 25 mm) in diameter. The length of the 
cylindrical stars, depends on several factors, includ- 
ing the depth of the open holes in the star plate (i.e., 
on the separation between the two plates in the first 
method described above and on the thickness of the 
plate in the second method). 


STAR PUMP - A tool for the limited production of cy- 


lindrical stars. In its most basic form, it consists of a 
cylindrical sleeve and plunger, as illustrated below in 
cross section. 


Sleeve 


Cavity Where 


Star is Formed Plunger 


A star pump is used by repeatedly pushing it into 
dampened star composition to firmly fill the end 
cavity. Then, while holding the filled end of the star 
pump against a solid surface, the plunger is pressed 
firmly downward (or for large star pumps, a series of 
light mallet blows are used) to compress the compo- 
sition. Finally, while holding the sleeve of the star 
pump, the plunger is pushed forward to eject the 
completed star. 


A common feature of a star pump (not included in the 
above illustration) is a slot in the sleeve and a corre- 
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sponding pin extending from the plunger (as shown 
below). This makes it possible to better control the 
length of the cylindrical stars being produced. How 
this is accomplished is described in the entry comet 
pump. A large diameter star pump may be described 
as a comet pump. 


aa 


To make a very large number of stars (100 or more) 
in a single operation, star plates and a hydraulic press 
are used in somewhat the same way as the star pumps 
To make several small stars at the same time, a series described above. 

of individual star pumps can be combined into a sin- 

gle unit (shown below). This handheld unit is loaded STAR-RAIN MATCH - See match, firework. 

by filling its cavities with moist star composition, and 

then the stars are compressed and ejected by much STAR SHELL (fireworks) — See aerial shell. 

the same procedure as described above. 


STAR SHELL (military) — (Also illuminating round) — 
Military gun or mortar ammunition containing one or 
more illuminating flares that, when ignited by a fuze, 
are ejected from the shell or mortar round. Military 
star shells were used to illuminate a battlefield area or 
a specific target. A British 6-inch Howitzer star shell 
dating to 1914, containing 12 flares (described as 
stars) in two tiers of 6 is illustrated below in cross 
section. The star composition was compacted into 
paper cylinders and primed with meal powder and 
black match (which at the time were described as 
mealed powder and quick match). 


Another example of a star pump, with a different 
style of construction, is shown below in two views. 
Such devices may be described as gang pumps. 


Mealed Powder 
Star Composition 


Quick Match 


Primer 
Quick Match 


Burster 


Photo Credit: War Office, UK 
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This early design was quite inefficient for illuminat- 
ing a target, as the stars would be ejected and fall to 
the ground still burning. A much more effective de- 
sign was achieved by bursting the shell high in the air 
or by ejecting a large diameter flare suspended on a 
parachute, which then slowly floated down and illu- 
minated a large area beneath it for an extended time. 
As it was difficult to deploy a parachute flare from a 
rapidly-spinning shell, fins were subsequently used to 
reduce the rate of spin. The deployment of secondary 
finned canisters also proved effective. 


The term star shell is also used for similar devices in- 
tended for signaling. Such devices may display col- 
ored stars. 


STAR SHELL BURST SPL (fireworks) — See sound 
pressure level, aerial shell. 


STAR SIZE (fireworks) — The size of the stars used in a 
typical aerial depends on many factors. As a guide, 
the stars in a 3-inch (75-mm) shell are likely to be 
approximately 0.25-inch (6-mm) in diameter, those in 
a 6-inch (150-mm) shell are likely to be approximately 
0.5-inch (13-mm) in diameter, and the stars in a 12- 
inch (300-mm) shell are likely to be approximately 1- 
inch (25-mm) in diameter. 


STAR, SPHERICAL — See star manufacturing (fire- 
works) (rolled star). 


STARTING MIX — (Also starter mix) — A relatively eas- 
ily-ignited composition that serves to transmit flame 
from an ignition source to a less readily-ignitable 
composition. A starting mix is equivalent to a pyro- 
technic prime. 


STATE FUNCTION, STATE PARAMETER and STATE 
VARIABLE -— In thermodynamics, a state function of a 
system is any of several macroscopic properties of a 
system that specify the equilibrium thermodynamic 
state of the system. State functions only depend on 
the thermodynamic state of the system, and there are 
algebraic relationships between the state functions of 
a system such that when a few conditions are defined, 
the values of all the others are fixed. An example is 
provided using a system consisting of a fixed quantity 
of an ideal gas. The equilibrium state of this system is 
fully specified by the state functions of pressure (P), 
volume (V) and temperature (7). The algebraic rela- 
tionship between these state functions is described as 
the equation of state. In this example, the equation of 
state for an ideal gas is: 


PVen-R-T 
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Here, ” is the number of moles of the gas, and the 
constant of proportionality (R) is the gas constant 
(8.314 joules per kelvin per mole). 


State functions have the important property that their 
values depend only on the initial and final states of 
the system and not on the manner of the change be- 
tween the initial and final states. It is worth mention- 
ing that the important thermodynamic variables of 
work (w) and heat (g) are not state functions, and 
their values depend on details of the manner of the 
change occurring between the initial and final states, 
not only on the initial and final states. 


STATIC — An adjective denoting that something that 
exhibits no significant variation over the time of in- 
terest, or, more specifically, something that involves 
no movement of an object, as in a static test of a 
rocket motor. 


STATIC DISSIPATIVE — See electrostatic dissipative. 


STATIC ELECTRICITY — An electric charge at rest on 
an object. It is most often produced by the contact 
and separation (or friction) between dissimilar and 
usually, but not always, insulating materials. The 
charge is the result of electrons having been removed 
from, or added to, the object. 


STATIC FIRING (rocketry) — See static test and static 
test stand. 


STATIC MARGIN (rocketry) — See static stability mar- 
gin. 


STATIC PRESSURE — See pressure, Static. 


STATIC STABILITY MARGIN (rocketry) — (Abbreviated 
SSM) — An expression of the capability of a rocket to 
fly a straight and predictable trajectory. The static 
stability margin is determined by the ratio of the dis- 
tance between the center of pressure (CP) and center 
of gravity (CG) in a rocket to the maximum diameter 
of the rocket (Dinax): 


SSM = Lop ~ Leg 


max 


Here, Lcp is the distance from the tip of the nose cone 
of the rocket to the center of pressure, and Lcg is the 
distance from the tip of the nose cone of the rocket to 
the center of gravity. 


A good rule of thumb to ensure stable flight charac- 
teristics that also minimizes the effects of crosswinds 
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and gusts is a static stability margin equal to | at lift- 
off and less than 3 during coasting phase (see rocket 
flight phase, amateur). Typically, the static stability 
margin will increase during the powered flight be- 
cause the center of gravity moves toward the nose as 
the propellant is consumed. 


See rocket flight stabilization method (aerodynamic 
stabilization). 


STATIC TEMPERATURE — See femperature. 


STATIC TEST (rocketry) — A 
test of a rocket motor in 
which the motor is fired 
while being held in a se- 
cure fixture that prevents 
its movement. Typically, 
this is for the purpose of 
measuring thrust, chamber 
pressure or other parame- 
ters. Some firings are to 
verify overall performance 
while others might be used 
to characterize a propellant 
or to test some aspect of 
the motor design or the 
materials used in its con- 
struction. 


An example of a static fir- 
ing of a Zn-S motor is 
shown at the right, with 
the rocket plume extending 
to approximately 20 feet (6 
m). Photo Credit: Tony 


Vyverman, www.vro.be 
If some movement of the 


rocket motor is allowed, the test is likely to be de- 
scribed as a captive test. 


STATIC TEST STAND — (Also static firing) — An in- 
strumented device or facility used to securely hold a 
rocket motor for the purpose of measuring and re- 
cording thrust versus time data during test firings. 


STATISTICS — The mathematical science dealing with 
the collection, analysis, interpretation and presenta- 
tion of numerical data. Statistics is important in pyro- 
technic manufacturing because it is the basis of statis- 
tical process control. Statistical analysis allows a 
judgment to be made as to whether or not any item in 
a batch of products can be expected to conform to re- 
quirements, based on tests carried out on a relatively 
small number of items taken from the batch. This is 
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of obvious importance in pyrotechnics because com- 
plete testing of each item by having it perform its in- 
tended operation would leave no product remaining 
for sale or use. This contrasts with the manufacture of 
other products, such as for example, electronic com- 
ponents or scientific instruments, which can be indi- 
vidually tested and remain fit for their intended use. 


It is, of course, possible (and desirable) to test com- 
ponents and materials used in pyrotechnic manufac- 
ture. If the materials and components meet specifica- 
tions, and if each step in the subsequent manufactur- 
ing process is properly carried out, it is to be ex- 
pected that the resulting product will be fit for its in- 
tended use. None the less, in large-scale manufactur- 
ing, it is usual to conduct tests on samples of each 
finished batch of product. Statistical analysis can in- 
dicate how many samples need to be taken to ensure 
that the results predict the characteristics of the entire 
batch within a required degree of confidence. 


The numerical data that form the input for statistical 
analysis are of two basic types: continuous and cate- 
gorical. Continuous data can have any numerical val- 
ue, usually within some known range, whereas cate- 
gorical data can have only a small number of values. 
To give specific examples, measurements of the re- 
sistance of a batch of properly-made electric matches 
might be expected to show results anywhere between 
0.95 and 1.05 ohms. These would be continuous data. 
Some of the matches from a real production run 
might be short-circuited, and thus have a resistance 
close to zero. Others might have broken bridge wires, 
and thus show an extremely high resistance. Meas- 
urements of the resistance of such matches would be 
categorical: a match would be either open circuit, 
short-circuit or have resistance within the expected 
range. The usual way of expressing categorical re- 
sults is as a percentage; for example, a tester might 
report that a test of a batch of matches found that 2% 
were open circuit, 5% were short circuit and 93% had 
resistances in the expected range. 


The usual way of analyzing randomly-variable con- 
tinuous data is based on the use of a mathematical 
model that assumes that the distribution of the data 
over a very large number of examples (referred to as 
the population) follows the normal distribution, also 
referred to as the Gaussian distribution or bell curve. 
This curve plots a function y that shows the number 
of occurrences of a particular value x in the entire 
population against the values of x, as illustrated below. 
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The equation for a curve of this general shape can be 
written as: 


The detailed shape of the curve is determined by the 
values of the numbers o and uw. These numbers are 
given special names: y is the mean of the distribution 
and o is the standard deviation of the distribution. 
Furthermore, o* (i.e., the square of the standard de- 
viation) is referred to as the variance of the distribution. 


The mean w is the value of x at the maximum value of 
y. It is the same as the arithmetic average of the data 
and is given by the sum of all the data points divided 
by the number of data points. The standard deviation 
o is a measure of the spread of the data around the 
mean value and is the square root of the average val- 
ue of the square of the difference between each data 
point and the mean. The important point about the 
standard deviation is that it gives a quantitative esti- 
mate of the chance that a sample, taken at random 
from the entire population, will have a value that lies 
within a certain range of the mean. This is demon- 
strated by the table below. 


Distance from mean, | Chance of random sam- 
+ nxo, where n equals | ple lying within the range 


68.269% 


This table shows that, for example, the chance of a 
random sample having a value more than 4 standard 
deviations o from the mean is less than one in ten 
thousand. If it were known that a product would con- 
firm to requirements if the value of a certain property 
were within 4 standard deviations of the mean value 
of that property, then one could be confident that the 
fraction of product not conforming to requirements 
would be less than | in 10,000. There are two ways 
of achieving this highly desirable result: designing 
the product so that it will conform to requirements 
when the value of the measured parameter lies within 
as large a range as possible and designing the manu- 
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facturing process so that the inherent variability (i.e., 
the standard deviation) is as small as practical. 


The first option is the aim of any diligent designer, 
but the tolerance to variability that can be achieved in 
practice is often inherently rather small. The second 
option can be achieved by ensuring that every step in 
the manufacturing process is carefully controlled and 
monitored to keep variation to a minimum. 


Monitoring intermediate stages of manufacturing for 
conformance to requirements ensures that non- 
compliant components are not passed on for further 
processing. For example, if the resistances of electric- 
match bridge wires were measured as soon as the 
bridge wires were installed, short-circuited or open- 
circuited wires could be rejected immediately and only 
those conforming to requirements would be passed 
for further processing. 


It is standard practice to plot the results measured 
during routine testing, as the distribution of the re- 
sults can often give valuable insights into the sources 
of variation in the process. The aim always is to keep 
the mean of the population of manufactured items at 
the desired value and the standard deviation as small 
as practical. 


When we can only test a relatively small number of 
samples, taken at random from a large population, the 
unknown standard deviation o of the population is 
approximated by the standard deviation s of the set of 
samples, calculated from: 


In this equation, 1 is the number of samples, x is the 
data value for each sample, and x is the arithmetic 
mean or average value of x for the whole set of sam- 
ples, calculated from: 

ee a a as eee 

xX nn 

n 

It is very common, in reporting the results of a set of 
measurements, to quote the relative standard devia- 
tion (RSD), which is simply the standard deviation 
divided by the mean, usually expressed as a percent- 
age: 


RSD(%) =((s/X))x 100% 


The mean x and the standard deviation s of the set of 
samples are only estimates of the true mean w and 
standard deviation o of the total of the sampled popu- 
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lation. This raises the question: how good are these 
estimates? 


It can be shown, for example, that if a set containing 
n items taken at random from a normally-distributed 
population is found to have a mean xX and a standard 
deviation s, then the unknown mean yw of the popula- 
tion lies in the range: 


¥+A(s/n"°) 


The value of the number 4 can be found in readily- 
available tables of the ‘Student’s ¢-distribution’. Its 
value depends on two things: the value of the so- 
called ‘degree of freedom’ which is nothing but (n— 
1), where n is the number of items in the sample set, 
and the value of the required ‘confidence interval’. 
For example, a ‘confidence interval’ of 99% means that 
we can expect that if we were to sample the population 
100 times, the range calculated from the above equa- 
tion would be expected to include the true (but un- 
known) mean yu in about 99 of the cases. If a sampled 
batch consisted of 10 items taken at random from the 
population, then, for a 99% confidence interval A = 
3.25 and, with 99% confidence, yw lies in the range: 


¥43.25(s/10" | 


ie., X £1.0277s 


If the number of items included in the sample were 
reduced from 10 to 3, then for the same confidence 
interval A = 9.925 and, with 99% confidence, « lies in 
the range: 


¥ £9,925(s/3°°) 


1.e., x +5.73s 


While it is convenient to measure fewer samples, the 
resulting estimate of the mean of the whole popula- 
tion is much less precise. 


The relationship between the measured standard de- 
viation s and the unknown population standard devia- 
tion o also depends on the number of items sampled, 
and in this case the necessary calculation involves a 
distribution called the y* (chi-square) distribution. 


The values required are tabulated (or are obtainable 
from certain popular spreadsheets) for desired confi- 
dence intervals and various ‘degrees of freedom’. 
The conventions require that the confidence interval 
be expressed as a simple decimal and that we then 
define a number a such that the confidence interval is 
equal to 1 — a. The confidence interval for the popu- 
lation standard deviation o is then given by: 
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iets 0.5 see se 
((n-1)s lx tay <o<((n-l)s |x (-ai}} 


For example, a set of measurements of a certain 
property made on a sample of 10 items drawn at ran- 
dom from a normally-distributed population is found 
to have a standard deviation of 0.1. What is the 99% 
confidence interval for the standard deviation o of the 
sampled population? 


In this case, n = 10, so the degree of freedom is 9. For 
99% confidence interval, a = 0.01. For 9 degrees of 
freedom, Xx 2) = 23.58935 and vy "4 _w2) = 1.734933. 


The 99% confidence interval is thus: 


0.061768 < o < 0.227761 


Thus, finding that the standard deviation of a set of 
10 random samples was 0.1 tells us that the unknown 
standard deviation o of the population is very likely 
somewhere between 0.062 and 0.23. 


STATUTE MILE — See mile, statute. 


STEADY STATE — The condition of a substance or sys- 
tem, the macroscopic physical and chemical proper- 
ties of which do not vary with time. This may corre- 
spond to a situation in which absolutely nothing is 
happening, or it may correspond to the situation in 
which competing processes are in equilibrium. 


STEAM ROCKET MOTOR — See rocket motor, steam. 


STEARIC ACID — [CisH36O2] — {CAS 57-11-4} — (Also 
n-octadecanoic acid, stearin or stearine or 1- 
heptadecane-carboxylic acid) 


Stearic acid is sometimes used as a phlegmatizing 
agent, fuel, retardant or binder. In fireworks, it is an 
accessory fuel with potential to act as a flame deoxi- 
dizer. Stearic acid is used in some blue star formula- 
tions. It is also used as a lubricant and polishing agent 
in the manufacture of pigment-grade flake aluminum 
powder. It persists as a minor component of the 
product, giving it a slight waxy odor. Stearic acid is 
the most common fatty acid occurring in natural ani- 
mal and vegetable fats. It is a colorless, wax-like sol- 
id, white or yellowish as a powder with a slight odor 
similar to the odor associated with wax candles. 
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Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV: none established. The nui- 
sance dust standard can be applied: TLV-TWA 10 
mg/m? (inhalable dust), 3 mg/m? (respirable dust). 


UN hazard classification: not regulated. 


STEARIN — (Also stearine) — A term used ambiguously 
to refer to two different materials: 


e The solid waxy material remaining after the liquid 
portion has been removed from any fat (i.e., glycerol 
tristearate) 


e The waxy solid acids obtained by the hydrolysis of 
fats (i.e., stearic acid). 


STEEL MORTAR -— See mortar (fireworks). 


STEEL PIPE TEST -— Sce explosive output test (fragmen- 
tation test). 


STEEL SLEEVE TEST — See Koenen test. 
STEEL SPARKLER — See sparkler (gold sparkler). 


STEFAN-BOLTZMANN’S LAW, STEFAN’S LAW and 
STEFAN-BOLTZMANN’S CONSTANT — See radiation 
law. 


STEL — Abbreviation for short-term exposure limit. 
See toxicology regulatory term (permissible exposure 
limit). 


STEMMING — As a noun, the material (typically 
crushed rock, sand or drill cuttings) loaded on top of 
the explosives in a bore hole. Stemming increases the 
rock fragmenting effect of the charge and decreases 
the risk for flyrock and air-blast effects. As a verb, 
this describes the process of adding stemming mate- 
rials to a bore hole. 


STEP CRACKER — (Also Samba Peas or (in German — 
Tanzpillen or Sambaerbsen)) — Small lumps ofa crush- 
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sensitive explosive composition (e.g., Armstrong’s 
Mixture) wrapped in colorful foil and intended to be 
scattered on a dance floor to be stepped upon by 
dancers, the resulting small explosions and flashes of 
light presumably adding to the gaiety of the occasion. 
They were sold packed in coarse wood meal in flat 
cylindrical boxes, as shown below. 


Photo Credit: wwws.feurwerksvitrine.de 


STEP ROCKET - See rocket, multi-stage. 


STERADIAN — (Abbreviated: 
sr) — The derived SI unit of 
measure of a solid angle, 
used in some important 
units related to measuring 
light emission (e.g., the 
candela, lumen and lux). A 
steradian is that solid angle 
with its vertex at the center 
of a sphere and enclosing 
an area of the spherical surface equal to that of the 
square of the radius of the sphere. Thus, a solid angle 
subtending a full sphere has a solid angle of 47 sr, 
and the solid angle subtending an area equal to 7’, as 
in the illustration at the right, corresponds to 1 sr. 


Ne 


STERNUTATOR — A chemical agent that causes cough- 
ing, sneezing, nausea and temporary physical disabil- 


ity. 
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STIBIUM and STIBNITE — See antimony and antimo- 
ny(IID sulfide, respectively. 


STICK (explosive) — See cartridge. 
STICK LAC — See shellac. 


STICKLESS ROCKET (fireworks) — See aerial shell 
name and description (specific) and comet (fireworks). 


STICK ROCKET - See firework rocket type, basic. 
STICK SPARKLER -— See sparkler. 


STICKY MATCH™ -— (Also tape match) — A substitute 
for quick match for some applications. It consists of a 
wide strip of adhesive tape onto which a line of gran- 
ulated Black Powder has been placed. A second layer 
of tape is placed over the powder train, but the sec- 
ond layer of tape is significantly narrower than the 
first piece, thus leaving an exposed adhesive surface 
along either side of the covered powder train, as illus- 
trated below in cross section. 


Adhesive 
Surface 


Narrow Tape 


[. (adhesive down) 
L— Black P 
Wide Tape Bek ewae 


| 
(adhesive up) Pine: 


Usually, the narrow tape is approximately 0.75 inch 
(19 mm) wide and the wider tape is 2 inches (50 mm) 
wide. The exposed margins of adhesive on each side 
allow for the easy attachment to the devices being 
fused. A roll of Sticky Match is shown below 


ag IO Da Ce 


Sticky Match can burn quite rapidly under summer- 
time conditions, but it burns noticeably more slowly 
under cold conditions. Its primary disadvantage is 
that its adhesive properties may degrade after a year 
or two, depending on storage conditions. 


Sticky Match finds a variety of uses, the most com- 
mon of which is the ignition of lancework. An exam- 
ple of Sticky Match attached to the top of a series of 
lance tubes is shown below. 
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A version of fast-speed Sticky Match (Sticky Match — 
Finale) also consists of the narrow tape over a trail of 
Black Powder, but in this case the wide cellophane 
tape is replaced with brown kraft paper tape, which 
has a light wax coating on one side and adhesive on 
the other. This can be used in the assembly of aerial 
shell finales and other barrage devices, where sparks 
are likely to occur, because the kraft paper tape min- 
imizes pre-ignitions. This product is used in a manner 
similar to that described as method 3 in the entry 
chain-fusing method. 


Sticky Match is also made in a slower-burning variety 
(Sticky Match — Slow). 


STINGER (explosive) — See booster, explosive. 
ST. LOUIS ARCH — See Saint Louis arch. 
ST. ROBERT’S LAW — See Vieille equation. 


STOCHASTIC PROCESS — A procedure characterized 
by a probability distribution. For example, gambling 
and pyrotechnic sensitiveness testing are both charac- 
terized by the laws of probability and can be de- 
scribed as stochastic processes. 


STOICHIOMETRIC — (pronounced stdi-kéy-dmét-ric) — 
An adjective describing a mixture, prepared with the 
intention of carrying out a specific chemical reaction, 
in which the reactants are present in the exact propor- 
tions required for that reaction. 


In pyrotechnics: Stoichiometric indicates that the com- 
ponents involved in a pyrotechnic composition are 
present in the exact quantities needed for reaction 
without an excess of any component of the mixture. 


STOICHIOMETRY — (pronounced stoi-kéy-6m-étry) — 
The branch of chemistry dealing with the exact bal- 
ance of weights (and therefore moles) of chemicals in 
a reaction. 


STORAGE (explosive) — The safekeeping of explosive 
materials, usually in specially designed structures or 
containers known as magazines. In the parlance of 
the US Bureau of Alcohol, Tobacco, Firearms and 
Explosives, storage of explosives implies a lack of at- 
tendance by a person. That is to say, if the explosives 


Page 1207 


are under the active surveillance or control of a des- 
ignated individual, the explosives are ‘in use’ (or may 
be ‘in transportation’). It is only when explosives are 
unattended that they are ‘in storage’ and must be 
placed in a magazine. 


STORAGE AREA (flame effect) — An area where flame 
effect material or flame effect devices are stored prior 
to use or movement to a holding area shortly before 
use. 


STORAGE BUILDING — A building in which consumer 
fireworks or model rocket motors are stored, in any 
stage of processing, but in which no actual processing 
or manufacturing is performed. 


STORM MATCH — See match, storm. 


STP — Abbreviation for standard temperature and 
pressure. 


STRAIGHT COMET - See comet type. 
STRAIGHT DYNAMITE — See dynamite. 


STRAIGHT FIRE — Jargon for a firework device (usu- 
ally a salute) without any specialized additions or ef- 
fects. For example, it is commonly used to distin- 
guish a simple salute (which may be designated a 
straight fire salute) from an aerial shell containing in- 
ternal salutes (which may be designated as a salute 
shell or an artillery shell). It may also be used to dis- 
tinguish a non-titanium salute (that produces only a 
bright flash of light) from a titanium salute (that also 
produces a spray of white sparks). 


STRAIGHT GELATIN — See blasting gelatin. 


STRAIGHT-UP CURTAIN and STRAIGHT-UP WIPE — 
See front. 


STRAIN — The fractional deformation (i.e., change in 
dimension) produced by a stress (see elasticity). 


STRAIN GAUGE — A device attached to structural 
members or assemblies and used to measure strains 
caused by stresses imposed on the members or as- 
semblies. 


STRAND — (Also propellant strand) — A thin column of 
a pyrotechnic composition prepared for measure- 
ments of the burn rate (1.e., the velocity of propaga- 
tion) of the composition, typically in a strand burner. 
(See VOP determination, method for.) 
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A somewhat typical strand of propellant might be 7 x 
7 mm in cross-section and 70 mm in length. Com- 
monly the sides of the strand will have been coated 
with an inhibitor to allow burning only to proceed 
downward from the top of the strand and not along 
the sides of the strand. A typical strand is illustrated 
below in cross section. 


Hot-Wire Igniter 


Fuse Wires 


<< Surface Inhibitor 


Test Strand 


Support 


To facilitate the measurement of the linear burn rate, 
several fuse wires are commonly installed through 
the strand. As the strand burns, the fuse wires melt in 
response to the advancing burning surface. By moni- 
toring the electrical conductivity of the fuse wires, 
the time of their melting is established. This time in- 
formation, plus knowledge of the location of the fuse 
wires along the strand, allows the calculation of the 
linear burn rate of the strand. 


STRAND BURNER METHOD — See VOP determination, 
method for. 


STRAPPING TAPE — See tape type. 


STRAY CURRENT — (Also stray voltage) — A flow of 
electric current outside an intended conductor system. 
Because this electric current is the result of a differ- 
ence in electric potential, it may also be referred to as 
stray voltage. Stray currents can cause the unintended 
and potentially very dangerous firing of electro- 
explosive devices (e.g., electric matches and detona- 
tors). 


Stray currents can arise from an electrical fault in a 
circuit, either accidental or the result of poor design. 
They can also result from such things as the inten- 
tional electrical connections to ground from power 
line transformers during times of unbalanced electric 
loads. An additional, although uncommon, hazard 
can be caused by galvanic action of metals in contact 
with damp ground or in saltwater. 
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Transient stray currents, such as the result of a light- 
ning strike or other electrostatic discharges, can also 
produce unintended firings but are not usually de- 
scribed as stray currents. 


In pyrotechnics: In firework displays, special effects 
productions and proximate audience performances, 
one measure to help prevent accidents from stray cur- 
rents is to isolate both sides of the firing lines from 
electrical ground (including earth grounding). In that 
way, should occasional accidental groundings occur, 
they are unlikely to provide a continuous path for 
stray current through one or more electric matches. 


In explosives: Stray currents may be detected with a 
blasting multimeter by inserting the multimeter into 
the circuit at the intended point of connection of a 
detonator. For commercial electric detonators, the In- 
stitute of Makers of Explosives (IME) has established 
a maximum allowable stray current of 0.05 ampere, 
which provides a sufficient safety factor in compari- 
son to the no-fire current for common detonators. 


STRAY VOLTAGE -— See stray current. 


STREAMER (fireworks) — Either of two types of effect: 
any pyrotechnic effect that produces a long duration 
trail of sparks behind the device as it moves through 
the air (e.g., a comet), or the display of non- 
pyrotechnic streamers, such as used in daylight fire- 
works. 


Non-pyrotechnic streamers may consist of rolls of 
colored tissue paper or aluminized Mylar that unfurl 
as they fall. They may be dispersed from an aerial 
shell, a rocket or, commonly, from a small hand-held 
indoor device such as a party popper. When such 
streamers are made of aluminized Mylar, considera- 
tion must be given to the possibility of their causing 
short circuits in electrical systems and power lines. 


STREAMER CANNON and STREAMER EFFECT — See 
confetti or streamer cannon and confetti or streamer 
effect, respectively. 


STREEKS™- A special effect in which a type of shock 
tube is used to simulate lightning strikes on stage. 


STRENGTH, EXPLOSIVE — See explosive strength. 
STRENGTH, PHYSICAL — The relative ability to resist a 


stress. Tensile strength and yield strength are measures 
of physical strength. 
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STRESS — The force per unit area applied to a body 
that tends to produce a strain (see elasticity). 


STRIKE-ABLE FIRE STARTER — See match, firestarter. 


STRIKE-ANYWHERE MATCH — See match, strike- 
anywhere. 


STRIKER SURFACE and STRIKING SURFACE — See 
match striker (surface). 


STRING — Fine cordage commonly made of cotton, but 
cordage made of flax, jute, sisal, hemp or other natu- 
ral fibers, as well as of synthetic materials, is not un- 
common. String is often described by the number of 
plies of threads used to make the string (e.g., 10-ply 
cotton string is composed of a twisted collection of 
10 threads). 


In fireworks: A chain of pyrotechnic devices connected 
by quick match or other fuse may be described as a 
string (e.g., a string of salutes). 


Cotton string may be made to burn in a slow smol- 
dering way and can constitute a kind of fuse, func- 
tioning similarly to historical slow match. This string 
fuse can be made by soaking cotton string in a solu- 
tion of potassium nitrate, squeezing out the excess so- 
lution and drying thoroughly. Such a string fuse will 
not burn reliably through an orifice, but it can be used 
with limited success in combination with touch pa- 
per, Chinese tissue-paper fuse or black match for the 
delayed ignition of other items. 


STRINGING — See spiking. 


STRING SPINNER — A type of consumer firework that 
is suspended by a string (often at arm’s length by the 
user) as it rotates and weakly sprays a circle of 
sparks. An example, described as a Scroll Firework, 
is shown farther below. 


On the left, the firework is shown as it is supplied, 
with the suspending string rolled around the item. 
Not shown in the image is a thin stick approximately 
16 inches (400 mm) long, from which the spinner is 
to be suspended while being held by the user. The 
device remains in much the same configuration while 
spinning and producing a mild shower of gold sparks. 
On completion of this display, the device unfurls to 
reveal the scroll with its colorful image. 


The Chinese Happy Lamp (see specialty item) per- 
forms in much the same manner, except that it unfolds 
to form a Chinese Lantern with a centrally-mounted 
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illuminating firework that shines through the translu- 
cent and imprinted side panels of the lantern. 


STRING TEST (rocketry) — (Also swing test) — A sim- 
ple method to test the stability of a model rocket. A 
string approximately 10 ft (3 m) long is tied around a 
fully-prepared rocket (including the motor) at its cen- 
ter of gravity (CG). It is then swung in a circle over- 
head. If the nose points in the direction of the spin 
and the rocket flies stably (i.e., it does not wobble), 
then the rocket is very likely to fly stably and safely 
when it is fired. 


The string test does not produce an exact result since 
it introduces another component, namely radial ac- 
celeration, which is absent in normal flight. Also, 
when the string is tied to the rocket at its center of 
gravity, it is not really placed at the true CG but is in 
fact attached to the outer surface of the body tube 
near its CG (which is actually inside along the center 
line of the body tube). 


For an ideal test, the projection of the string must 
pass through the center of gravity, which it would do 
if the rocket were moving linearly. When the rocket 
is swung in a circle, it is not moving linearly. This 
forces the rocket (if it is stable) to assume an angle of 
attack to keep the rocket pointing into the relative 
wind. This means that the projection of the string no 
longer passes exactly through the CG, but it is slight- 
ly behind the CG. The string would have to be moved 
slightly forward for the string to point through the 
CG while it is being swung. 


All things considered, a rocket that passes the string 
test is likely to be well stabilized and should thus be 
capable of a safe flight. 
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STRIP (rocketry) — As a noun, see shred and reef. 


As a verb — (Also shred or stripped) — The action of a 
rocket parachute having one or more shroud lines 
pulled free due to opening shock. Recovery deploy- 
ment at too high a speed is the usual cause, but it can 
also be due to age (of the tape disks and/or the disk 
adhesive on a plastic parachute) or poor construction. 
The term can also refer to the loss of a poorly- 
attached fin due to extreme force of acceleration. 


STRIP CAP — See foy cap. 


STROBE (fireworks) — A bright, blinking light effect 
produced by a burning pyrotechnic composition. 


strobe effect — A series of bright flashes of light 
produced at regular intervals, with relative darkness 
between the flashes. The light output typically pro- 
duced by a pyrotechnic strobe device is illustrated be- 
low. The frequency of strobe flashes typically ranges 
from one to ten per second. 


Light Flashes 


Light Intensity 


Time 


The mechanism of producing the strobe effect is the 
result of two alternating reactions. The first is a rela- 
tively low-temperature smolder (or dark) reaction, 
which produces an accumulating slag layer. After a 
period of time, further reactions within the slag layer 
heat it to the point of triggering a flash reaction, 
which consumes most of the slag layer and produces 
a bright flash of light in the process. The smolder re- 
action then continues until another flash reaction oc- 
curs, as illustrated below. This alternating process is 
repeated until no strobe composition remains. 


ine Star Thickening Thin Slag 


. Slag Layer Layer 
7 lgnited L J 


¢ 


a <— 
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Strobe effects can be produced in all the colors typi- 
cal of fireworks, but they tend to be of significantly 
lower color purity (see color measurement). Strobe 
compositions usually include ammonium perchlorate 
as the primary oxidizer, along with an additional 
high-temperature oxidizer (e.g., a sulfate of the cation 
that will produce the desired flame color emitter), and 
magnalium as the high energy fuel. 


Strobe effects are seen in aerial shells (as strobe 
stars), ground devices (as strobe pots and strobe 
wheel drivers) and firework rocket motors (as strobe 
rockets). 


strobe star — A strobe star is a pellet of composition 
that burns with a series of bright flashes of light pro- 
duced at regular intervals, with relatively complete 
darkness between the flashes (i.e., a strobe effect). 
An example is shown below. 


Photo credit: Dan Chubka 


In the first image (upper left), the shell has just ex- 
ploded to produce a ring of green stars (second im- 
age). Finally, a collection of red strobe stars begins to 
flash on and off near the center of the pattern (final 
three images). 


A collection of strobe star formulations is presented 
farther below (Shimizu, 1981) for red (1), orange (2), 
yellow (3), green (4) and white (5) strobe stars. 


The frequency of strobe flashes can be adjusted by al- 
tering the percentage and particle size of the mag- 
nalium, with larger percentages and smaller particle 
size producing greater flash rates. Strobe composi- 
tions tend to be difficult to ignite and must be heavily 
primed to ensure ignition. If the strobe composition is 
based on ammonium perchlorate, a nitrate oxidizer 
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Fomulaion >| Pars by Weight 
Ingredient NEMENINIC! 


Ammonium perchlorate 


Strontium sulfate 


Sodium sulfate 


a) The magnalium is protected with a conversion coat- 
ing produced in a procedure using potassium di- 
chromate. 


b) Formulation 5 uses 80 mesh magnalium. 


c) Acts primarily as a stabilizer protecting the mag- 
nalium. 


d) Stars are bound using 25 parts of a 10% solution of 
nitrocellulose in acetone per 100 parts of star com- 
position. 


should not be used in the prime composition because 
of the tendency of double decomposition reactions to 
occur (see chemical reaction type) and thus produce 
hygroscopic ammonium nitrate. 


strobe pot — A ground display firework that produc- 
es a strobe effect. Strobe pots are made by loading a 
strobe composition into a suitable casing. Examples 
of consumer firework strobe pots, where the compo- 
sition has been loaded into small end plugs, are 
shown below. 


bite aa saeEnnnene neon PERE EEE of 
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a No: GG0O131 oo pea 
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Larger versions of strobe pots are also produced as 
consumer fireworks (shown farther below). A large 
amount of prime has been used on the top of these 
strobe pots. This is often necessary because strobe 
compositions tend to be difficult to ignite. 


Display firework strobe pots are typically about 1 
inch (25 mm) in diameter, 2 or 3 inches (50 to 75 
mm) in length and are ignited by an attached electric 
match. They can be used effectively when mounted 
along the structural features of tall buildings and 
along the length of bridges. 
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suitably formulated pyrotechnic composition. (See 
colored-flame chemistry.) 


Molecular weight = 123.07 g/ mole 
Enthalpy of formation = -123.85 kJ/mole 


Color emission: The spectrum of strontium mono- 
chloride, a table of intensities of its various spectral 
bands and its chromaticity diagram are all presented 
below. 


100 |- 
= Strontium Monochloride 
N 80 
E 
strobe rocket — See firework rocket type, specific. 5 60 
is 
ST. ROBERT’S LAW — See Vieille equation. = 40 
Q 
c 
STRONTIA — See strontium oxide. 2 20 


STRONTIUM CARBONATE -— [SrCO3] — {CAS 1633- 0 


05-2} — (Also strontium salt of carbonic acid) 00: S50) 00 850" GOD 620 70 


; : Wavelength (nm) 
Strontium carbonate is a common flame color-agent 


for red flame compositions and has been used as a 
delay agent for glitter compositions (see glitter chem- 
istry). Itis colorless as crystals and white as a powder. 


Characteristic (a) 


Strontium 
Monochloride 


a) Code for reference source, see preface. 


Health information: TLV: none established. The nui- 
sance dust standard can be applied: TLV-TWA 10 
mg/m: (inhalable dust), 3 mg/m? (respirable dust). 


UN hazard classification: not regulated. 
STRONTIUM DIOXIDE — See strontium peroxide. 


STRONTIUM ETHANEDIOATE MONOHYDRATE -— See 
strontium oxalate monohydrate. 


STRONTIUM ION, SPOT TEST FOR -— See spot test. 


STRONTIUM MONOCHLORIDE — [SrCl"] — The pre- 
ferred chemical species to produce red colored flames. 


Properties: Strontium monochloride is a gaseous, The light emitted by strontium monochloride is equal 
molecular free radical that is stable only at elevated in color purity (100%) to that from strontium mono- 
temperatures, such as those of pyrotechnic flames. It hydroxide [SrOH"], and its dominant wavelength 
is produced by chemical reaction in the flame of a (636 nm) is slightly redder than that from strontium 
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monohydroxide (614 nm). (See color measurement 
(color purity) and (dominant wavelength).) The CIE- 
1931 2° coordinates for its color point in the chroma- 
ticity diagram are X = 0.720 and Y = 0.280, corre- 
sponding to a color purity of 100% and a dominant 
wavelength of 636 nm. (See color measurement (col- 
or point) and (chromaticity diagram).) 


STRONTIUM MONOHYDROXIDE — [SrOH’] — The 
slightly less preferred chemical species to produce 
red colored flames. 


Properties: Strontium monohydroxide is a gaseous 
molecular free radical that is stable only at elevated 
temperatures, such as those of pyrotechnic flames. It 
is produced by chemical reaction in the flame of a 
suitably formulated pyrotechnic composition. (See 
colored-flame chemistry.) 


Molecular weight = 104.63 g/ mole 
Enthalpy of formation = -205.52 kJ/mole 


Color emission: Strontium monohydroxide is equal in 
color purity (100%) to strontium monochloride 
[(SrCI’], but its dominant wavelength (614 nm) is 
slightly more orange than that of strontium mono- 
chloride (636 nm). (See color measurement (color 
purity) and (dominant wavelength).) The spectrum of 
strontium monohydroxide is presented below, along 
with the intensity of its various spectral bands. 
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The CIE-1931 2° coordinates for its color point in the 
chromaticity diagram (presented below) are X = 
0.679 and Y = 0.321, corresponding to a purity of 
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100% and a dominant wavelength of 614 nm. (See 
color measurement (color point) and (chromaticity 
diagram).) 


Strontium 
Monohydroxide 


STRONTIUM MONOXIDE — See strontium oxide. 


STRONTIUM NITRATE — [Sr(NO3)2] — {CAS 10042- 
76-9} — (Also nitrate of strontia) 


Strontium nitrate is a pyrotechnic oxidizer and a red 
flame color-agent. It is colorless as crystals and white 
as a powder. 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV: none established. 


UN hazard classification: PSN: strontium nitrate; HC: 
5.1 — oxidizer (UN1507). 


Chemical properties: When heated above its melting 
point, strontium nitrate decomposes to strontium ox- 
ide [SrO], oxygen and nitrogen oxides [NO and 
NO>?!]: 


Sr(NO3)2(s) > SrOvs) + 2 NOxg) + % Org) 
2 NOxg) <> 2 NO) + Ong) 
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A thermogravimetric study (Nair, 1984) found that 
decomposition begins at around 590 °C and is com- 
plete at 690 °C. The overall decomposition was con- 
sistent with the reaction: 


Sr(NO3)a(s) > SrOw) + 2 NOx) + % Org) 


Strontium nitrate is normally anhydrous, but it also 
exists as a tetrahydrate [Sr(NO3)2-4H2O], which can 
be obtained by recrystallization from a solution in 
cold water. Crystallization by evaporating the boiling 
solution yields the anhydrous salt. Anhydrous stron- 
tium nitrate, having a critical humidity (see humidity) 
of 86% relative humidity, is sufficiently hygroscopic 
to be of some concern when used in humid environ- 
ments. Some manufacturers find it necessary to dry it 
in an oven and then protect it from moist air. Despite 
its tendency to absorb water, it can be used in some 
water-dampened compositions if the finished compo- 
sition is well-dried. 


Chemical incompatibilities: A wet mixture of strontium 
nitrate and aluminum can react exothermically, pro- 
ducing ammonia and hydrogen gas (see aluminum). 


Pyrotechnic uses: Strontium nitrate is used in red 
flame compositions for signals, such as flares (see 
flare, military), fusees and Bengal lights. In fireworks, 
it is used as an oxidizer and red flame color-agent, 
especially when a metal fuel is used, such as for high- 
intensity colored star and go-getter compositions. In 
pyrotechnic special effects, strontium nitrate is used 
as a color-producing agent for red proximate audi- 
ence flares. It is also used as the oxidizer in various 
theatrical flash and concussion powders (see flash 
powder type), where it is claimed to produce less 
smoke than other oxidizers in magnesium-fueled 
flash powders. 


Historical: In 1793 the Scottish chemist and physician 
Thomas Charles Hope (1766-1844) described the 
preparation and properties of strontium nitrate in a 
comprehensive paper on the chemistry of a new min- 
eral (now called strontianite [SrCO3]) obtained near 
the Scottish village of Strontian. Hope mentioned that 
when a combustible substance is brought into contact 
with the molten nitrate in a red-hot crucible, a defla- 
gration, with a very beautiful, vivid red flame, is pro- 
duced. In 1801 the French chemist Antoine Francois, 
comte de Fourcroy (1755-1809) wrote that strontium 
nitrate ‘has not yet any use. Mixed with powder, it 
could colour the fire of fireworks a purple-red.’ 


Attempts to make red pyrotechnic flames with stron- 
tium nitrate (formulations 1 and 2 below) were made 
during the early 19" century, but with what must 
have been somewhat limited success. In formulations 
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1 and 2, the hydrogen present in charcoal or coal dust 
is presumably enough to produce the red color emit- 
ter strontium monohydroxide [SrOH’]. 


l ient | 


1) Described as ‘A beautiful red fire’, Accum, 1807. Tests 

in 2012 showed that the composition did not ignite. 

Described as ‘Common red fire’ Marsh, 1844. Tests in 

2012 showed that the composition burned intermittently, 

producing jets of bright orange-red flame. 

3) Described as a ‘Hygroscopic nasturtium red without 
chlorate, without saltpeter and without sulfur, for flames 
as powder’, Chertier, 1843. 

4) Described simply as ‘Red Fire’, Anonymous, 1820. 


2 


~ 


Formulation 3 is a later (and much superior) compo- 
sition, in which the shellac fuel provides a rich source 
of hydrogen for the formation of strontium monohy- 
droxide. The color of its flame was similar to the or- 
ange-red of the nasturtium flower. 


Formulation 4 for a red fire based on strontium ni- 
trate, which includes potassium chlorate and sulfur in 
the composition, was published in 1820. This must 
have been an improvement on compositions such as 
formulations 1 and 2, as it would have generated the 
preferred red color emitter strontium monochloride 
[SrClI’] in sufficient concentration to give a deeply 
colored crimson-red flame. 


STRONTIUM OXALATE MONOHYDRATE = 
[SrC204:H20] — {CAS 814-95-9} — (Also strontium 
ethanedioate monohydrate) 


Strontium oxalate monohydrate is occasionally used 
as a flame color-agent in the production of red 
flames, especially in compositions containing magne- 
sium. It is a colorless white powder. 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 
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b) Value is for the anhydrous form. 


Health information: TLV: none established. 


STRONTIUM OXIDE — [SrO] — {CAS 1314-11-0} — 
(Also strontia or strontium monoxide) 


Strontium oxide is a decomposition product of stron- 
tium nitrate and is a reaction product of the combus- 
tion of pyrotechnic compositions that contain stronti- 
um compounds. It is a white powder. 


Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV: none established. 


As a color emitter: Gaseous strontium monoxide was 
at one time thought to be the principal emitter of red 
light in pyrotechnic flames. Subsequent work showed 
that strontium monohydroxide [SrOH’] and strontium 
monochloride [SrCl"] were the predominant emitters 
of red light. The monohydroxide emits orange-red 
light, whereas the monochloride is more definitely red. 
There are a few historical compositions based on 
strontium nitrate that are said to burn with a red 
flame that contain no chlorine and very little or no 
hydrogen. The emitter of red light in such flames is 
presumably gaseous strontium oxide. 


STRONTIUM PEROXIDE — [SrO.]— {CAS 1314-18-7} 
— (Also strontium dioxide) 


Strontium peroxide is a reactive oxidizer used in 
some small arms and artillery tracer compositions. It 
is a white powder. 


Characteristic (a) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV: none established. 


UN hazard classification: PSN: strontium peroxide; 
HC: 5.1 — oxidizer (UN1509). 
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STRONTIUM SULFATE — [SrSO.] — {CAS 7759-02-6} 
— (Also the mineral celesite). 


Strontium sulfate is a high temperature oxidizer used 
insomered strobe compositions. It is a white powder. 


Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV: none established. 


UN hazard classification: not regulated. 


STRONTIUM SULFIDE — [SrS] — {CAS 1314-96-1} 


Strontium sulfide is produced during the burning of 
glitter compositions that contain strontium oxalate or 
strontium carbonate as a delay agent (see glitter 
chemistry). It is a gray powder that, when exposed to 
moist air, has the odor of hydrogen sulfide. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV: none established. 
STRUCTURAL FORMULA - See chemical formula. 
STRUCTURAL GUSSET — See gusset, structural. 
STRUCTURAL PART (rocketry) — Any load bearing 

part of a model or high-power rocket, such as the 

nose cone, body tube and fins. 
STUN GRENADE -— See grenade. 
STUN GUN — See humane killer. 
STUNT — (Also gag) — A planned and engineered per- 


formance of a seemingly dangerous act by one or 
more specifically trained performers. 
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STYPHNATE ION _ 
[(CsH3N30o)” ] — The ani- 
on of  2,4,6-trinitro- 
resorcinol with a charge of 
negative two. 


Many styphnates are pri- 
mary high explosives (e.g., 
lead styphnate). 


SUBCRITICAL — In the context of self-heating and 
spontaneous ignition of pyrotechnic compositions, 
subcritical describes those conditions that do not in- 
duce thermal runaway. 


SUBLIMATION — The process of subliming. 


SUBLIME — To change directly from the solid state to 
the vapor state, without passing through an interme- 
diate liquid state. A common example of a substance 
that sublimes is solid carbon dioxide (i.e., dry ice) 
such as used for some fog effects. 


Historically, some smoke compositions were made 
from hexachloro-ethane (HCE, but HCE tends to sub- 
lime. This can cause a loss of HCE from a device, 
which can result in the production of regions where 
the concentrations of HCE is too high or too low. 


SUBLIMED SULFUR - See sulfur. 
SUBMERGED NOZZLE — See nozzle, submerged. 


SUBSIEVE SIZE — Very small particle sizes that are too 
small to be separated with standard sieves. Typically, 
these are particles having an average particle size less 
than 400 mesh (40 microns). 


SUBSONIC — Less than the local speed of sound. (See 
sonic velocity type.) 


SUBSONIC FLOW — Flow for which the Mach number 
is less than one. 


SUBSONIC NOZZLE — See nozzle type (rocketry). 

SUBSONIC VELOCITY — See sonic velocity type. 

SUBSTANCE — A chemical element or its compounds 
in its naturally occurring state or as chemically pro- 
duced, including any impurities. More generally, any- 


thing that has mass and occupies space. 


SUBSTANCE WEIGHT — See paper basis weight. 
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SUBSTANTIAL DIVIDING WALL — See dividing wall, 


substantial. 


SUCROSE — [Ci2H22011] _ {CAS 57-50-1} — (Also 
cane sugar or table sugar). 


Sucrose is used as a fuel for colored smoke composi- 
tions because of its very low ignition temperature in 
combination with potassium chlorate and its produc- 
tion of much gas upon burning. Its somewhat hygro- 
scopic nature results in its being used less frequently 
in this application than lactose. It is colorless as crys- 
tals and white as a powder. 


Characteristic 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 10 mg/m’. Sucrose is 
non-hazardous in routine industrial situations. 


UN hazard classification: not regulated. 
SUCTION LOCK -— See Bernoulli lock. 
SUDAN RED G - See oil red G. 
SUGAR — (Also cane or table sugar) — See sucrose. 
SULFAMIC ACID — [H3NSOs3] — {CAS 5329-14-6} — 


(Also amidosulfonic acid, amidosulfuric acid, amino- 
sulfonic acid, amine sulfonic acid or sulfamidic acid). 


A white, crystalline, acidic powder that has been oc- 
casionally recommended as an ingredient of smoke- 
generating pyrotechnic compositions. 


Characteristic 


Calculated from HsNSOs. 

Weast, “CRC Handbook of Chemistry and Physics”. 
Clapp, 1943. 

Nash, Skinner, Zordan and Hepler, 1968. 


WRN = 


Health information: Sulfamic acid causes skin irrita- 
tion and is highly irritating to the eyes. It releases 
toxic vapors on heating to moderate temperatures. 
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There are no data available on any chronic effects, 
including cancer effects. No occupational exposure 
limits have been set for it, but given its irritant prop- 
erties, exposure by all routes of entry should be 
avoided. It is harmful to aquatic life and release to 
aquatic environments should be avoided. 


UN hazard classification: PSN: sulfamic acid; HC: 8 
— corrosive substances (UN2967). 


Pyrotechnic uses: In 1953 American inventors Ken- 
neth C. Peer and Llewellyn W. Fancher were granted 
US Patent 2,637,678 for insecticidal smoke composi- 
tions based on their discovery that approximately 
equal parts sulfamic acid and potassium nitrate mixed 
as dry powders react when touched with a hot wire or 
flame, producing a large volume of steam and gases. 
The reaction propagates through the mass ‘without 
reaching a temperature sufficient to cause glowing or 
visible flame and spark’. They used this mixture to 
formulate compositions that generated insecticidal or 
fungicidal aerosols. 


In 1958 American inventor Sidney J. Magram was 
awarded US Patent 2,842,502 for military screening 
smokes based on sulfamic acid. His preferred compo- 
sition was a mixture of 58% sulfamic acid and 42% 
ammonium perchlorate. The smoke consisted of mi- 
nute droplets of sulfuric acid and hydrochloric acid 
produced when sulfur(VI) oxide and hydrogen chlo- 
ride produced in the reaction reacted with atmospher- 
ic moisture. The smoke would have been extremely 
corrosive and harmful to personnel. In contrast, the 
reaction of sulfamic acid with potassium nitrate, as 
proposed by Peer and Fancher, is expected to produce 
very little sulfur (VI) oxide. The reaction can be writ- 
ten as: 


2 KNO3 + 2 H3NSO3 > 
K2S207 + 3 H2Og) + 2 N2 + Or 


The heat released in this reaction is 351 kJ. The tem- 
perature reached would be limited by the melting of 
potassium disulfate at 325 °C; potassium disulfate 
does not decompose into potassium sulfate and sulfur 
(VI) oxide until about 600 °C. This is consistent with 
the implications of the Peer and Fancher patent that 
the mixture does not generate corrosive fumes, and 
with the statement in the Magram patent that a mix- 
ture of potassium nitrate and sulfamic acid produces 
very little smoke. 


SULFATE ION — [SO.” ] — The anion of any salt of sul- 
furic acid [H2SOg]. It is a polyatomic anion that con- 
sists of a central sulfur atom surrounded by four 
equivalent oxygen atoms in a tetrahedral arrange- 
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ment. The sulfur atom is in the +6 
oxidation state while the four oxy- 
gen atoms are each in the —2 state. 
Thus, the sulfate ion on the right 
carries a net charge of negative 
two. 


The sulfate ion is the conjugate base of the hydrogen 
sulfate (or bisulfate) ion [HSOz ], which is the conju- 
gate base of sulfuric acid [H2SO,]. 


SO,7 + H;0° <> HSO, + H20 
HSO, + H30* <3 H.SO,4 + H2O 


The molecular weight of the sulfate ion is 96.06 grams 
per mole. 


Some sulfates were known to the alchemists. The vit- 
riol salts, from the Latin ‘vitreolum’ meaning glassy, 
were so-described because they were some of the 
first transparent crystals known. Green vitriol is 
iron(II) sulfate heptahydrate; blue vitriol is copper(II) 
sulfate pentahydrate; and white vitriol is zinc sulfate 
heptahydrate. 


Many ionic sulfates are known, and many are highly 
soluble in water. Poorly-soluble exceptions include 
calcium sulfate, strontium sulfate, lead(II) sulfate and 
barium sulfate. The mostly-insoluble nature of barium 
sulfate is useful in the analysis (described as gravi- 
metric analysis) of sulfate in a composition. As a 
simple qualitative test, one adds a solution of a highly- 
soluble barium compound (e.g., barium chloride) to a 
solution possibly containing sulfate ions. The appear- 
ance of a white precipitate (i.e., barium sulfate) indi- 
cates that sulfate anions are present. Similarly, if an 
excess of a soluble barium compound is added to a 
known volume of a solution containing sulfate ions, 
their concentration can readily be determined. This is 
accomplished by collecting the barium sulfate precip- 
itate that is produced by filters and drying the precipi- 
tate. The weight of the precipitate can then be used to 
quantitatively calculate the concentration of sulfate 
that was present in solution. 


In_pyrotechnics: Sulfates are occasionally used as 
flame color-agents, glitter delay agents (see glitter 
chemistry) and high temperature oxidizers such as in 
strobe compositions. 


SULFATE OF POTASH - See potassium sulfate. 
SULFATE (SOLUBLE), SPOT TEST FOR -— See spot test. 


SULFUR — [S] — {CAS 7704-34-9} — (Also sulphur or 


brimstone) 
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Sulfur is an extremely important pyrotechnic fuel. It 
is a nonmetallic chemical element, atomic number 
16. Sulfur is produced in two common forms. One is 
sulfur flour, which is a ground form of sulfur that was 
produced in a molten state. It is sometimes described 
as rubber maker’s sulfur and is particularly suitable 
as a pyrotechnic fuel. This is because it is less subject 
than other forms of sulfur to the formation of acids 
upon exposure to moist air. The other common form 
is flowers of sulfur, which is sulfur produced by sub- 
limation, which is more likely to have sulfur acids 
form on the surface of its particles. Sulfur is yellow 
as crystals and pale yellow as a powder. 


Characteristic 


a) Code for reference source, see preface. 


b) Sulfur has a rhombic crystalline structure until it is heat- 
ed to 95 °C and then it transforms into monoclinic nee- 
dles that melt at 115 °C. 


Health information: TLV: none established. The nui- 
sance dust standard can be applied: TLV-TWA: 10 
mg/m? (inhalable dust), 3 mg/m? (respirable dust). 


UN_hazard_ classification: PSN: sulfur; HC: 4.1 — 
flammable solid (UN1350). 


Chemical properties: Sulfur exists in two stable crys- 
talline forms, a and B, and at least two amorphous 
forms. The sulfur used at ordinary temperature and 
pressure is the a form, which is yellowish with a 
rhombic crystal structure. The a form of sulfur makes 
a transition to B sulfur at 96 °C. The B form of sulfur 
is yellow-brown with a monoclinic crystal structure; a 
density of 1.96 g/cm’; and a melting point of 115 °C. 
There are two liquid allotropes. The molecules of the 
vapor state are Sg, which change to S2 at 1000 °C. 


Sulfur does not conduct electricity, but it is easily 
charged by static electricity. 


Sulfur is soluble in carbon disulfide [CS2] and some- 
what soluble in tetrachloro-ethene and toluene. 


In fireworks: Sulfur is commonly used as a fuel in 
compositions containing nitrate oxidizers. Its rela- 
tively low ignition temperature is an advantage in this 
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application. Sulfur is used as a component of Black 
Powder in combination with potassium nitrate and 
charcoal, and it has been used for white (physical in- 
organic) smoke compositions (see smoke generator, 
pyrotechnic). In the past, sulfur was also used with 
chlorate oxidizers. Such compositions are still used in 
some parts of the world, but in many countries, they 
are regarded as too sensitive for routine use and are 
prohibited in some jurisdictions. 


A composition that contains sulfur and an oxidizer is 
sensitive to varying degree to impact and friction, de- 
pending on the oxidizer. The highest degree of sensi- 
tiveness is in combination with potassium chlorate 
and barium chlorate, followed in sensitiveness with 
ammonium perchlorate, potassium perchlorate and 
nitrates. With any oxidizer, sulfur has greater ignition 
sensitiveness than charcoal. 


In explosives: Sulfur is one of the three ingredients of 
Black Powder, serving both as a fuel and as a plastic 
flow binder. 


In rockets: Sulfur can be used as the oxidizer for zinc 
metal. The combination was formerly used as an ama- 
teur rocket propellant described as micrograin or Zn-S. 


SULFUR DIOXIDE — [SO2]— {CAS 7446-09-5} 


Sulfur dioxide is a product of the combustion of sul- 
fur. It is an intensely irritating, colorless gas with a 
characteristic, choking odor. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-STEL: 5 parts per million; 
IARC-3: unclassifiable as to carcinogenicity. Sulfur 
dioxide is a sensitizer and asthma trigger. 


SULFUR DIOXIDE GENERATOR, PYROTECHNIC — A 


pyrotechnic device for generating substantially pure 
sulfur dioxide gas. The need for such a device is 
questionable given that pure sulfur dioxide is readily 
available as a liquid under pressure in small cylinders, 
from which the gas can be readily dispensed in a con- 
trolled manner. Uses of sulfur dioxide include fumi- 
gation of grapes for the control of fungal infections 
and for the bleaching of straw. Sulfur dioxide is a 
highly irritant gas, so it could be useful in driving 
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burrowing animals from 
their lairs so that they might 
be captured. For whatever 
reason, in 1955, American 
inventors Herbert Ellern, 
Isadore Kowarsky and 
Donald E. Olander devel- 
oped a pyrotechnic sulfur 
dioxide generator on behalf 
of the Universal Match 
Corporation. A _ cross- 
sectional view of the de- 
vice is illustrated on the 
right. 
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In the diagram, 1 is a metal 
can; 2 is aclosure disk hav- 
ing several openings, 
through which the gener- 
ated gas is intended to be emitted, each opening be- 
ing sealed with an adhesive patch, indicated by 3. 
The device is provided with ignition means 4, which 
may be any convenient pyrotechnic igniter. Thermal 
insulation 5 and 6 is provided at the base and sides of 
the external can. A thin-walled metal cylinder 8 con- 
tains a pellet 9 of pyrotechnic composition, having a 
central hole 11. A thin layer of first-fire composition 
12 is on top of a pellet 9, which is ignited by a fuse 7 
connected to the ignition means 4. 


Illustration credit: 
US Patent 2,842,477 


The pyrotechnic composition of pellet 9 is formulated 
by combining a pair of mixtures that both generate 
sulfur dioxide, one by a strongly exothermic reaction 
and the other by an endothermic reaction. The pro- 
portions of the two mixtures are chosen so that the 
resulting composition burns smoothly at the desired 
rate. For example, the strongly exothermic reaction 
presented below (1) generates sulfur dioxide. 


KClOg + 2S > KCl + 2SO2 (1) 


A second reaction (2) presented below also generates 
sulfur dioxide but is endothermic. 


CuSO, + 2S > CuS + 2 SO (2) 


The copper(II) sulfide [CuS] produced in this reac- 
tion can further participate in an exothermic reaction 
with potassium perchlorate. This reaction (3) also 
generates sulfur dioxide. 


4CuS + 3KCIO, > 
3KC1+4Cu0 + 480) (3) 


The combination of reactions 2 and 3 is not suffi- 
ciently exothermic to provide an appropriate burning 
rate. This problem can be overcome by adding extra 
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sulfur and potassium perchlorate, in the proportions 
required for reaction 1. This provides the thermal en- 
ergy needed to achieve the desired burning rate. 


In practice, a small percentage of talc, graphite or 
molybdenum disulfide is also included as a lubricant 
to facilitate the pressing of the pellet of composition. 
An example of a suitable composition (US patent 
2,842,477) is presented below. 


Ingredient Parts by weight 


The recommended first fire composition is presented 
below. 


Ingredient Parts by weight 


SS a 


SULFUR (ELEMENTAL), SPOT TEST FOR — See spot 


test. 


SULFUR FLOUR and SULFUR, FLOWERS OF -— See 


sulfur. 


SULFURIC ACID — [H2SOg] — (Also oil of vitriol) — A 


strong acid used in the mixed acid for the nitration of 
organic substances, such as when converting cellu- 
lose into nitrocellulose. 


The production of sulfuric acid on the surface of sul- 
fur particles had been implicated in some spontane- 
ous ignition accidents of pyrotechnic compositions 
including a combination of sulfur and potassium 
chlorate. This has been refuted (Tanner, 1959). It has 
been found that sulfuric acid is merely a by-product 
of the reaction that causes the problem, namely the 
sudden release of sulfur dioxide [SO2] by the decom- 
position of accumulated polythionic acids formed on 
the surface of sulfur particles by slow oxidation of 
the sulfur in moist air. For a discussion of the chemis- 
try involved, see potassium chlorate, chemical in- 
compatibilities. 


SULFURLESS BLACK POWDER - (Also sulfurless 


meal powder) — See Black Powder, sulfurless. 


SULFUR MATCH - See match, sulfur. 
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SULPHUR — Alternate spelling, see sulfur. 
SULPHURET — A historical term for sulfide. 
SUMP FUSE -— See blasting safety fuse. 


SUN (fireworks) — (pronounced soon) — A classical 
Japanese unit of aerial shell size. One sun is equal to 
approximately 1.2 inches (30 mm). 


SUPER BULLDOG SALUTE — See bulldog salute. 
SUPERCHLON™ — See chlorinated rubber. 


SUPERCRITICAL — In the context of self-heating and 
spontaneous ignition of a pyrotechnic composition, de- 
scribes those conditions that induce thermal runaway. 


SUPER GLUE™ — See cyanoacrylate (adhesive). 


SUPER-RATE BURNING (propellant) — See propellant 
burning, catalyzed. 


SUPERROC -— A National Association of Rocketry 
(NAR) competition based on high aspect ratio (i.e., 
long length-to-diameter) rockets. The length of the 
rocket is dependent on its motor size. The smallest 
(4A) has a minimum length of 250 mm (10 inches). 
The minimum length goes up 250 mm for each motor 
class (e.g., “2A is 500 mm and A is 750 mm) such 
that a G SuperRoc must be at least 2250 mm (88 
inches) in length. The maximum length is twice the 
minimum length. (The scores assigned in the compe- 
titions are weighted in favor of longer rockets). Thus, 
a G SuperRoc could be nearly 14 feet (>4 m) long! 


Like many contests, SuperRoc has no practical objec- 
tive other than to create a challenging, interesting 
competition. For current competition rules, see the 
NAR website: www.nar.org. 


SUPERSATURATED SOLUTION — A situation in which 
more solute comes to be dissolved in a solution than 
in a fully saturated solution. Although this would 
seem to be impossible, it can occur when the temper- 
ature of a saturated solution is lowered (thereby de- 
creasing the solubility of the solute), and there are no 
seed crystals (or a physical disturbance) to facilitate 
the deposition of the now excess solute. A supersatu- 
rated solution is unstable and ultimately the excess 
solute will crystallize or precipitate from the solution. 
The triggering event can be a physical disturbance, 
such as the slight agitation of the solution or the add- 
ing of a single crystal that provides a nucleus for 
crystallization. 
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SUPERSONIC — Speed (or flow traveling at) greater 
than the local speed of sound. (See sonic velocity type.) 


SUPERSONIC FLOW — The flow of a fluid over a body 
at speeds greater than the acoustic velocity (i.e., the 
local speed of sound). In this case, shock waves form, 
starting at the surfaces of the body. 


SUPERSONIC NOZZLE — A converging-diverging noz- 
zle designed to accelerate a fluid to supersonic speed. 
See de Laval nozzle and nozzle type. 


SUPERSONIC VELOCITY —See sonic velocity type. 


SUPPORT PERSONNEL (proximate audience) — See 
spectator. 


SUPPORT RING — A short tube used to connect two 
spherical shells to make them into a multibreak aerial 
shell. The individual shells are fastened securely (i.e., 
with glue or pasted paper) to the support ring. The 
outer paper wrap of a 5-inch (125 mm) double-break 
shell has been removed and appears to the right be- 
low. The support ring attaching the two shells togeth- 
er, as shown below, is indicated by a red arrow. 


The use of support rings, in making what might be 
described as conjoined, multibreak spherical shells, is 
more common with larger caliber shells. This method 
differs from that used to assemble what some have 
described as piled, multibreak spherical shells, which 
is a method more commonly only used with smaller 
caliber shells. In this other method there is no support 
ring and the individual shells simply rest upon each 
other (without any other support) inside a heavy outer 
wrap of kraft paper. 


SUPPRESSANT, MUZZLE FLASH — See muzzle flash 
suppressant. 
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SURE-FIRE CURRENT - See firing current (all-fire 
current). 


SURFACE MODERANT — An additive applied to the 
surface of some gun propellants to reduce the burning 
rate in the early stage of combustion. 


SURFACE TENSION — The cohesive forces operating 
at the surface of a liquid. The molecules within a liq- 
uid are acted on (i.e., attracted) equally from all sides. 
Molecules at the surface are subject to unequal attrac- 
tion and as a result are drawn toward the center of the 
liquid mass by this net force, which is described as 
surface tension. 


One result of surface tension is the tendency of a liq- 
uid to reduce its exposed surface to the smallest pos- 
sible area, such as by forming a spherical droplet. 
This is clearly observed for atomized metal powders 
and for pyrotechnic reaction residue particles. 


SURFACTANT — (Also wetting agent) — A chemical 
compound that, in very small amounts, reduces the 
surface tension of a liquid (usually water). The addi- 
tion of a small amount (on the order of 1%) of a sur- 
factant to the water used to moisten a pyrotechnic 
composition (especially ones containing flake alumi- 
num, air float charcoal or lampblack) can greatly fa- 
cilitate the thorough wetting of the composition. De- 
tergents, especially if non-foaming, are commonly 
used as surfactants for this purpose. 


SURGE CURRENT — A current of short duration that 
occurs when power is first applied to a capacitive 
load or to temperature-dependent resistive load. It 
usually lasts no more than several AC cycles. 


SURROUNDINGS (thermodynamic) — See thermody- 
namics. 


SUSPENDER, AERIAL SHELL — (Also suspender, sus- 
pender ring or suspender loop) — Usually, a loop of 
string, cord or rope (depending on the size of the 
shell) attached to the top of a spherical aerial shell, as 
shown farther below. 


The shell’s leader fuse is threaded through the sus- 
pender, and, on larger caliber shells, the lowering 
cord is attached to the suspender. 


Accordingly, during the manual aerial shell loading 
procedure, the suspender keeps the shell in the proper 
orientation, with the lift charge below the shell. 
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Suspender rings are also commonly used on molded 
plastic cylinder shells. An example is shown below 
(suspender ring is shown enlarged on the right). 


a pas i 


SUSTAINER ENGINE — A model rocket engine used to 
maintain or increase the velocity of a staged model 
rocket. It usually has a longer delay time to allow the 
rocket to reach maximum altitude. The same concept 
is often used in high-power rocketry. 


SUSTAINER GRAIN — A rocket propellant grain pro- 
ducing longer and lower thrust levels than a boost 
grain. It can be used to produce a cruising effect or to 
approach a linear altitude increase with time. 


SUSTAINER PROPELLANT — See propellant, rocket 
motor. 


SUSTAINER ROCKET - See rocket type by function. 


SWEENY BALL and SWEENY CAPSULE — See Sweeny 
gun. 


SWEENY GUN — A gas-operated, 69-caliber (0.685- 
inch, 17.4-mm) device (named after its developer 
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Matt Sweeny, a US special effects operator) and used 
to propel projectiles (Sweeny balls) to produce the ef- 
fect of bullet impacts and ricochets. An example of a 
Sweeny gun is shown below. 


A Sweeny gun is the same caliber as a paintball gun 
and a paintball gun can be used in place of a Sweeny 
gun, but there are important differences. A CO: car- 
tridge with a maximum gas pressure of approximately 
400 psi (2.8 MPa) is used in a paintball gun, whereas 
nitrogen supplied at up to approximately 1000 psi 
(6.9 MPa) is used in a Sweeny gun. Also, the Sweeny 
gun has a longer barrel. Accordingly, the velocity of 
Sweeny balls fired from a Sweeny gun will be much 
greater, and they can be aimed more accurately. 


Sweeny ball — (Also Sweeny capsule) — A Sweeny 
ball consists of a pair of mated 69 caliber hemi- 
spheres sealed by solvent bonding (see weld). A pair 
of hemispheres is shown below (left) along with a 
closed but empty ball (right). 


Sweeny balls produce different effects depending on 
what they contain. If loaded with fine gravel and a 
small amount of fine zirconium metal powder, they 
are described as a zirk ball or zirk hit and produce the 
effect of a spark-producing bullet ricochet upon its 
forceful impact with a hard surface. A Sweeny ball 
loaded with Fuller’s earth or cryolite and colored as 
needed with cement dyes is described as a dust hit. It 
is used to simulate the non-sparking impact of a bul- 
let. A Sweeny ball containing a glass marble is de- 
scribed as a marble hit and is used to produce the ef- 
fect of a bullet being fired through glass. 


SWEET MIX — A mixture of gasoline and diesel fuel 
used in a gas mine to produce a fireball effect. The 
diesel fuel darkens the flame color of the fireball and 
produces more black smoke. 


SWIMMING — A behavior of a firework star that burns 
especially fiercely and becomes somewhat self- 
propelled. Such stars move about randomly and do 
not follow the normally expected trajectory after 
leaving the shell or rocket heading. This is undesira- 
ble if the shell-maker is attempting to achieve a high- 
ly symmetric shell break. In some instances, swim- 
ming stars are peculiarly interesting, and the effect is 
designed into the stars. For example, go-getters are 
special stars made in small tubes and designed to 
swim powerfully. 


SWING TEST - See string test. 


SYMPATHETIC DETONATION and SYMPATHETIC 
INITIATION — See detonation type. 


SYMPATHETIC EXPLOSION — The ignition and explo- 
sive reaction of one charge (i.e., the acceptor charge) 
as the result of it receiving an input of energy from 
the explosion of another explosive (i.e., the donor 
charge). This terminology is appropriate for low ex- 
plosives and whenever there is uncertainty as to 
whether the explosion of the acceptor charge was tru- 
ly a detonation. The term sympathetic detonation is 
reserved exclusively for high explosives. 


SYNCHRONIZED FIREWORK DISPLAY — See choreo- 
graphed firework display type. 


SYNONYM AND HISTORICAL CHEMICAL NAME — 
See chemical name, synonym and historical. 


SYNTHESIS REACTION (chemistry) — See chemical 
reaction type (combination reaction). 


SYNTHESIS, SELF-PROPAGATING, HIGH-TEMPER- 
ATURE - See self-propagating, high-temperature syn- 
thesis. 


SWEENY TRIP — See cable release, pyrotechnic. SYSTEM (thermodynamic) — See thermodynamics. 


SWEEP LOADER - See /oading board. SYSTEME INTERNATIONAL - See unit, scientific. 
SWEET COOLING - See nozzle cooling. 


SWEETIE BARREL — See star manufacturing. 
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a Formulation — Parts by Weight 
T — Abbreviation for temperature. Ingredient | 


T* INSTABILITY — See instability, T star. 


TABLEAU FIRE — (Also theater fire or table fire. From 


the French for a graphic depiction or representation, 
often a scene on stage.) — Tableau fires have much in 
common with Bengal fires, but tableau fires were 
commonly manufactured for stage use and were most 
popular before the advent of electric lighting. The 
spectacle of the sudden appearance of a bright ball of 
colored fire was a welcome addition to pantomimes 
and other theatrical performances. This included ama- 
teur dramas staged in private homes, especially at 
Christmas time. Tableau fires were used primarily 
indoors but also occasionally outdoors. Tableau-fire 
mixtures were typically packaged in small metal con- 
tainers, an example of which is shown below as front 
and back views. This metal can dates from around 1900 
and is approximately 2 inches (50 mm) in diameter 
and height. The directions on the can read, ‘Pour in a 
heap or trail and light with the black match in box’. 


Photo credit: David Streko 


Tableau fires are still occasionally used as special 
and historical effects. The typical method of use was 
simply to ignite a loose pile or trail of composition 
that was poured out onto a metal plate. In some cases, 
a reflector was used behind the burning powder to 
project additional light onto the stage or object being 
illuminated. The criteria for a good tableau fire were 
that it provides an excellent colored flame, does not 
produce excessive smoke or ash, and does not burn 
excessively fast or slow. 


Formulations: A collection of formulations typifying 
those used in the mid-19" and early-20" centuries are 
presented below (Weingart, 1947). The colors of the 
fires produced are: red (1), pink (2), yellow (3), green 
(4), blue (5 and 6), and white (7). Further, 8 and 9 
(containing picric acid) are relatively smokeless for- 
mulations for red and green, respectively. 
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Formulation — 
Ingredient | 


a) The 2,4,6-trinitro-phenol (i.e., picric acid) was dissolved 
in a minimum amount of boiling water, to which the 
strontium nitrate or barium nitrate was added. This was 
then cooled; the recrystallized material was collected 
and dried for use in the composition. 


TABLE BOMB - A type of firework mine intended for 


use indoors as a parlor firework. Such a device typi- 
cally consists of a tube, mounted on a base, from 
which confetti, streamers, small toys, paper hats or 
other small party items are safely discharged a short 
distance into the air. As implied by the name, the in- 
tent is that the device be placed in the middle of a ta- 
ble at a social gathering. Its firing is expected to cre- 
ate a festive atmosphere and, depending on the de- 
vice, also to distribute small gifts to those present. 


The lift charge is commonly nitrocellulose, so that 
the device can operate without producing objectiona- 
ble smoke or smell. The lift charge is ignited by a 


Page 1223 


fuse that enters on the side of the tube near its base. 
The rapid expansion of the gases produced by the 
burning propellant forces a cardboard disk or other 
wadding rapidly up the tube, causing the lightly- 
fitting lid of the device to pop off, and the contents of 
the tube to be flung into the air. 


An example of a table i 
bomb is shown to the right eerrrerrrrrnmetenren 
in cross section. This par- a 
ticular version projected uM! 
streamers. It was disclosed : 
in 1926 in patents by Brit- 
ish pyrotechnist Alfred 
Craig (1881-1958). 


In the drawing, A is a base 
made of strawboard, wood 
or other suitable material. B 
is a cylindrical strawboard 
or paper tube, with a rein- 
forcing disk (C) at the bot- 
tom. D is a short tube con- 
taining a small propelling 
charge (E), such as guncot- 
ton (highly nitrated cot- 
ton). This charge is ignited 
by a fuse (F) that passes US Patent 1,664,401 
through a small hole near the bottom of tube B and is 
turned up to lie against the side of B, to which it is 
secured by a strip of paper or tape (G). A short tube 
(H) fits over tube D and is glued to a disk J. Disks J 
and L are a loose fit in tube B and have a layer of 
wadding (K) made of felt or similar material between 
them. The space above disk L contains several rolled 
streamers (M) made of paper or similar material. The 
free end of each streamer is glued to the mouth of tube 
B so that when the rolled streamers are flung into the 
air they unroll, displaying the streamers as spectacu- 
lar elongated coils. The mouth of B is closed with a 
strawboard disk (N) and sealed with a paper cap (O). 


Illustration credit: 


This is just one example of similar devices that were 
patented from the first decade of the 20" century. 
Some of the earlier devices were activated by pulling 
a string that fired an extremely sensitive explosive, in 
much the same way as the modern party popper. 


A collection of table bombs manufactured in Germany 
and the UK in the mid-20" century is shown farther 
below. 


A design for a table bomb, similar in broad concept 
to those described above, was disclosed in US Patent 
5,954,563 awarded in 1999 to American inventor 
Harry J. Spriggs. This Patent contains a comprehen- 
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Photo credit: Tom Wenke 


sive list of earlier patents for table bombs and similar 
devices. 


TABLE FIRE — See tableau fire. 


TABLE OF DISTANCE and TABLE OF SAFETY DIS- 
TANCE — See quantity-distance table. 


TABLE OF THE ELEMENTS -— See Periodic Table of 
the elements. 


TABLE ROCKET — See tourbillion. 

TABLE SALT — The common name for sodium chloride. 
TABLE SUGAR — See sucrose. 

TABLET — See pellet. 


TABLETING — A process used to produce compacted 
pellets from powdered or granular starting material 
using a die and punch. Tableting is often accom- 
plished using a rotary machine with 20 or more 
punch and die sets. 


TAGBOARD — A type of paperboard commonly used to 
make tags and file folders. 


In fireworks: Tagboard is sometimes used as a liner for 
hand-rolled aerial shell casings. See chipboard liner. 


In_rocketry: Tagboard is often used to make high- 
quality and very-strong, convolute-wound rocket mo- 
tor casings. 


TAGGANT (explosive) — A chemical or physical mark- 
er added to an explosive to allow its detection using 
various methods. Some taggants consist of micro- 
scopic particles built up in many identifiable layers of 
different materials. Taggants allow marked explo- 
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sives to be tested to determine parameters such as lot 
number and concentration (for example, to test for di- 
lution). In particular, taggants are known to be used 
widely in sheet, flexible and plastic explosives. 


There are two classes of explosive taggants: detection 
and identification (i.e., post-detonation) taggants. 


detection taggant — A chemical intended to allow 
for the detection of the presence of a bomb contain- 
ing a tagged explosive (for example, during airport 
luggage screening). Explosives tagged in this way 
contain volatile chemicals that slowly evaporate from 
the explosive and can be detected in the atmosphere 
by detection dogs or by specialized equipment. Alt- 
hough there are various technologies to detect un- 
tagged explosives, detection taggants increase the re- 
liability of detection. 


The inclusion of detection taggants in explosives is 
mandatory in many countries, for example in plastic 
explosives in the US, pursuant to the Antiterrorism 
Act of 1996. Subsequently, the 1998 International 
Civil Aviation Organization’s ‘Convention on the 
Marking of Explosives for the Purpose of Identifica- 
tion’ required that one of four possible detection tag- 
gant chemicals be added to plastic explosives. In the 
US, the marker is always 2,3-dimethyl-2,3-dinitro- 
butane (DMDNB or DMNB). Dogs are very sensitive 
to this chemical and can detect as little as 0.5 parts 
per billion in the air, as can specialized ion-mobility 
spectrometers. Other taggants in use are ethylene 
glycol dinitrate (ethanediol dinitrate, EGDN) used to 
mark Semtex, ortho-mononitrotoluene (o-MNT) and 
para-mononitrotoluene (p-MNT). 


identification taggant — (Also post-detonation 
taggant) — Material added to an explosive to assist the 
police in finding the culprits after the detonation of a 
tagged bomb. Identification taggants are added to ex- 
plosives so that the batch number, manufacturer and 
legal purchaser of the explosive can be established. 
The taggant must survive the explosion and not be 
contaminated by the environment afterwards. Several 
different technologies have been tried, but probably 
the most common are microscopic polymer particles. 


Although detection taggants are used universally, this 
is not true for identification taggants. The principal 
argument against the use of identification taggants is 
that there may be of minimal benefit to law enforce- 
ment agencies when compared to the cost to the in- 
dustry to include the taggant. One reason cited is that 
most terrorist attacks in Western countries use home- 
made explosives (for instance the 1993 World Trade 
Center and Oklahoma City bombings in the US). In 
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Middle Eastern conflict areas, a common source for 
terrorist explosives is military munitions. Another 
problem is site contamination (for example, from the 
explosives used previously in commercial blasting to 
obtain the original building materials). This could re- 
sult in many different taggants being present at a 
crime scene. If a taggant were found after an incident, 
that would lead only to the manufacturer and the last 
legal purchaser; criminals rarely purchase explosives 
legally. If commercial products are used, they usually 
have been stolen, which greatly detracts from the use- 
fulness of such taggants. 


One type of micro taggants, a chip made of multiple 
layers of plastic and metal, proved to be unsafe in 
certain types of explosives. In 1994 during a manu- 
facturer’s test project, the addition of micro-taggants 
to molten cast booster material, which included TNT, 
destabilized the high explosive mix, which resulted in 
emergency shutdown of the operation. An independ- 
ent laboratory analysis of this phenomenon was con- 
ducted and confirmed that the micro-taggant does in- 
deed destabilize TNT. 


The impact from the introduction of an estimated two 
million pounds of plastic and metal taggants into our 
environment annually has yet to be evaluated. The 
addition of taggants to ammonium nitrate (a chemical 
predominately used as an ingredient in agricultural 
fertilizer) would disperse gritty fragments throughout 
the environment. In addition, the change from a con- 
tinuous manufacturing process to batch production 
for taggant identification would increase the quantity 
of hazardous wastes generated. 


TAGN — Abbreviation for triamino-guanidine nitrate. 
TAGUA POWDER - See ivory nut powder. 


TAIL (firework device) — The term applied to those 


stars, comets, rockets, whistles and shell insert devic- 
es that produce a fail effect (i.e., a persistent trail of 
sparks following the flight of the device). 


One type of aerial shell enhancement technique takes 
the form of a pellet of comet composition attached to 
the exterior of the shell. The attached comet is ignited 
as the shell is fired from its mortar, and then it produces 
a trail of sparks as the shell travels upward. Such 
shells are typically said to have a tail or a rising tail. 


TAILED STAR — See comet type (comet star). 


TAIL EFFECT (fireworks) — A trail of incandescent 


particles (i.e., sparks) that are produced by, and that 
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mark the trajectory of, a freely-moving pyrotechnic 
item. Stars, comets, rockets, whistles, various shell- 
insert devices and aerial shells may each produce a 
tail effect. Tails are commonly produced by including 
spark-producing materials in a pyrotechnic composi- 
tion. Various materials produce sparks of a range of 
colors and duration; see spark (pyrotechnic spark) 
and spark duration, control of. 


Tail effect is not used to describe the spark effects 
produced by wheel drivers, gerbs, fountains or other 
mounted devices, even if those devices are caused to 
move, such as in wheels or saxons. 


TAIL OFF (rocketry) — During the final portion of a 
rocket motor’s operation the chamber pressure and 
thrust decline from their nominal operational level to 
zero. An example of a thrust profile for a rocket mo- 
tor identifying the tail off is illustrated below. 


Thrust 


Thrust Tail Off 


Time 
TAIL PIPE — See blast tube. 


TAMMANN TEMPERATURE — (Symbol: a) — A meas- 
ure of the looseness of a crystal lattice, which can be 
an important factor in chemical reactivity of pyro- 
technic compositions. While for most pure chemicals, 
melting has a sudden onset at a specific temperature, 
the vibrations of the atoms in the solid become in- 
creasingly strong as the temperature is increased to- 
ward the melting point. This has the effect of loosen- 
ing the bonds holding the solid together as the tem- 
perature increases. Tammann temperature (a) (named 
for Estonian — Baltic German physical chemist Gus- 
tav Heinrich Johann Apollon Tammann, 1861-1938) 
can be defined as the ratio of the absolute tempera- 
ture of a solid (7) and the absolute temperature of its 
melting point (Tm): 


a=— 
T. 


m 


At an a of approximately 0.3, the atoms on the sur- 
face of crystals are thought to have become signifi- 
cantly mobile. At an a of approximately 0.5, the in- 
ternal atoms of crystals are thought to have become 
mobile and capable of diffusing about the crystal lat- 
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tes. As a result, there can be significant commingling 
of the atoms of different particles that are in direct 
physical contact in a pyrotechnic composition. This 
affords a much greater opportunity for solid-state pre- 
ignition reactions to occur, and because of the energy 
produced by these reactions, accidental ignitions are 
more likely to occur as a result. 


The temperatures for which some common pyrotech- 
nic oxidizers have an a equal to 0.5, above which an 
increase in pyrotechnic reactivity may be encoun- 
tered, are presented below. 


Temperature (°C) 
Oxidizer for which a = 0.5 


a) Lead(Il) chromate [PbCrO,] {CAS 7785-97-6}. 


TAMPING — Compacting a material, usually by a series 


of relatively small impacts. 


In blasting: Tamping is the act of packing of an ex- 
plosive into a blast hole or consolidating stemming 
material. 


In pyrotechnics: Tamping is usually the use of only 
hand pressure with a rammer for packing pyrotechnic 
compositions into a device. Typically, no other tools 
(such as a mallet) are used. This operation only re- 
moves some air from the mixture, with relatively lit- 
tle compaction. The funnel and rod method, such as 
used in the hand filling of lance tubes, is an example 
of tamping. 


TANDEM MISSILES — See rocket, multistage. 
TAPE MATCH - See Sticky Match™ 


TAPE TYPE (special) — Any of several specialty tapes 


used in pyrotechnics, some of which are briefly de- 
scribed below. 


When an initial boldfaced term is italicized, more- 
detailed information about the tape is located else- 
where in this text in an entry by that name (TERM). 


aluminum foil tape — A relatively wide (most 
commonly 1.5 to 2 inches, 38 to 50 mm), made from 
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heavy-gauge aluminum foil having substantial tensile 
strength. It has a strong adhesive and is often rolled 
with a waxy paper backing. This tape is commonly 
used on heating, venting and air-conditioning duct- 
work, but it is useful in firework displays to protect 
cables from damage from sparks and burning debris 
and to protect fuses from premature ignition. 


friction tape — A relatively narrow (commonly 1 
inch, 25 mm, or less) non-elastic cloth tape with am- 
ple tensile strength. Reportedly, its name is derived 
from the fact that it can be applied to an object (e.g., 
a hockey stick) to provide a high-friction surface for 
gripping. It is commonly used in electrical work (i.e., 
as a type of electrical tape). It is also used in the mak- 
ing of Black Powder bombs for special effects. 


gaffer’s tape — A relatively wide (commonly 2 
inches, 50 mm, or more), non-elastic, cloth tape with 
substantial tensile strength and a strong adhesive. It is 
commonly used by gaffers in stage productions and 
movie sets to hold items in place and for covering 
cables laid on the stage. It is similarly used by pyro- 
technicians in proximate audience performances. 


masking tape — An inexpensive tape, commonly 
used to protect surfaces during painting operations. It 
does not have high tensile strength and typically has 
intentionally weak adhesive to allow easy removal of 
the tape after painting is complete. Masking tape is 
sometimes used in pyrotechnic applications where 
great strength and permanence is not required. 


strapping tape — (Also filament tape) — A pressure- 
sensitive tape commonly used for closing packages. 
It consists of a pressure-sensitive adhesive coated on- 
to a backing material that is usually a polypropylene 
or polyester film. Fiberglass or other filaments are 
embedded in the backing material to add tensile 
strength. It is commonly available in widths from 4 
to 2 inches (12 to 100 mm) and is often supplied in a 
tape dispenser. 


In fireworks: Strapping tape is used in many instances 
where relatively high strength is required. Most com- 
monly this is to repair various items at a display site, 
to fasten drivers onto wheels and to fasten ground 
items to their supports. 


tape match — A fuse product, see Sticky Match™, 
TAR CAMPHOR — See naphthalene. 
TARE (noun) — (Also tare weight) — The weight of an 


empty container or carrier. Common practice is to 
first weigh the empty container, add the material to 
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be weighed to the container, and then weigh the 
combination. The difference of the two weights (total 
weight minus tare weight) is the weight of the added 
material. 


TARE (verb) — The process of weighing of a container 
or carrier, so that its weight can be deducted from the 
weight indicated after material to be weighed has 
been added to that container or carrier. Modern elec- 
tronic balances and scales usually have provision for 
the instrument’s reading to be set to zero while a con- 
tainer is on the device; the control for initiating this 
process is commonly labelled ‘tare’. 


TATB and TATNB — Abbreviation for triamino- 
trinitro-benzene. 


TAU (Chinese) — Roughly translated as thousand. Tau 
is often used to describe the number of firecrackers in 
a long string but is often a gross exaggeration. 


TAYLOR GUN — See capsule gun. 


T BURNER — A device for testing rocket propellants 
for combustion instability. It consists of a tubular 
combustion chamber in which two samples of the 
propellant to be tested are placed, one at each end of 
the chamber. A simple example of a T burner is illus- 
trated below in longitudinal cross section. 


Propellant 
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The chamber is first pressurized with nitrogen gas 
(not shown above) and the samples are ignited for the 
purpose of investigating the propellant’s possible 
combustion instability brought about by the interac- 
tion between the two samples via traveling acoustic 
waves inside the chamber. The length of the tubular 
chamber can be adjusted to alter its acoustic charac- 
teristics. In its simplest form, combustion instability 
can be detected by simply watching and listening to 
the exhaust from the nozzle. In most instances, how- 
ever, the T burner will have a pressure transducer to 
monitor combustion chamber pressure, which will 
then be recorded for subsequent analysis. 


T-CONNECTOR (fireworks) — See electric match con- 
nector. 


TEAR-GAS GRENADE — See grenade. 
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TEAR-OFF MATCH — See match, tear-off. 


TECHNICAL NAME (chemical) — Defined by the United 
Nations as a name, other than the JUPAC or CAS 
name, that is commonly used in commerce, regula- 
tions and codes to identify a substance or mixture, 
and that is recognized by the scientific community. 


Examples of technical names include those used for 
complex mixtures such as petroleum fractions (e.g., 
kerosene), natural products (e.g., shellac), pesticides 
(e.g., mirex™), dyestuffs (e.g., indigo) and minerals 
(e.g., realgar). 


TEDSUTSU HANABI — (Also tezutsu hanabi, tedutshu 
hanabi.) — A Japanese term that translates as “hand- 
held fireworks’, referring to large hand-held firework 
fountains traditionally made and fired in the old 
Totomi (Enshu) and Mikawa regions of Japan. Origi- 
nally used as part of religious festivals at Shinto 
shrines some 300 years ago, Tedsutsu hanabi are tra- 
ditionally made by the person who will later fire 
them. The tradition of tedsutsu hanabi is maintained 
to this day. 


The manufacturing process begins with the selection 
of suitable bamboo. This must be at least 3 years old 
and is usually approximately 100 mm (4 in.) in inter- 
nal diameter. Lengths of bamboo approximately 620 
mm (25 in.) long are cut, with one of the internal 
segments or joints near one end. These pieces of 
bamboo are boiled in water, to remove oily matter 
and to strengthen them, then dried. Each length is 
then wrapped with several layers of rush-grass mat- 
ting and then with rope (made from a mixture of 
hemp and rice-straw) to make a strong case. Rope 
handles are also fitted at this stage. Next, the bamboo 
joint near one end of the case is heavily reinforced 
with pasted paper. Later, this joint will be drilled to 
make the choke hole for the finished firework. 
Meanwhile, the internal joints or segments remaining 
in the bamboo tube are cut out and the inside of the 
tube is filed smooth. Then, the choke-hole (at least 
the internal diameter of the tube) is drilled through 
the reinforced joint and the inside of the tube is thor- 
oughly cleaned. 


On the day of the performance, the spark-producing 
composition (composed of potassium nitrate, char- 
coal, sulfur, and crushed cast iron) is mixed. A typi- 
cal ratio is 1 part of crushed cast iron to 12 parts of a 
mixture of potassium nitrate, charcoal and sulfur; de- 
tails such as the proportions of the last three ingredi- 
ents, the type of charcoal and the particle sizes of 
each of the ingredients are kept secret by the local 
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tedsutsu hanabi associations. One or 2 kg (2.2 to 4.4 
Ib) of composition is loaded in small portions into the 
case. Each increment is firmly tamped in with wood- 
en sticks; the sound produced indicates the state of 
consolidation. The consolidated composition takes up 
approximately 4 of the length of the case. In the Arai 
(former Totdm1) District, the case is then closed with 
a layer of paper and then soil, followed by a tightly- 
fitting lid or plug. A little under half of the tube re- 
mains empty. In the Mikawa version of the firework, 
a quantity of granulated Black Powder is added be- 
fore the tube is closed, so the performance ends with 
a loud noise as the closure is expelled from the bot- 
tom of the tube by the explosion of the Black Powder. 


In use, the firework, which typically weighs 3 to 5 kg 
(6.6 to 11 Ib), is placed on the ground and held firmly 
by the operator’s foot so that it does not move when 
ignited. An assistant ignites the firework, and the op- 
erator then raises the burning firework into a vertical 
position. A jet of sparks approaching 10 m (40 ft.) in 
height is projected into the air for approximately 20 
seconds. Sparks shower down over the operator, who 
is expected to remain calm and cheerful throughout 
the performance. In Arai, the operators hold the burn- 
ing fireworks while dancing to the rhythm of tradi- 
tional music. In the Mikawa style of tedsutsu hanabi, 
the operator does not move while the firework is 
burning, but stands still, bravely awaiting the final 
explosion. The lower end of the firework is held 
pointing away from the body, to allow the explosion 
to occur safely. 


A performance of tedsutsu hanabi in the Arai style at 
an annual festival held at Kosai City, Japan is shown 
below. 


Photo credit: Kosai City 


TEFC — Abbreviation for totally enclosed fan-cooled, 
a type of electric motor. 


TEFLON™ — See polytetra-fluoroethylene. 
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TEGDN and TEGN — Abbreviation for triethylene- 
glycol dinitrate. 


TELEGRAPHIC NIGHT SIGNAL, COSTON’S — See 
Coston’s telegraphic night signal. 


TELEMETRY — The science of measuring one or more 
parameters and transmitting that information to a re- 
mote site, where the information is displayed and/or 
recorded for further analysis. Examples include the 
transmission of air temperature and pressure to a 
ground station from a rocket, balloon, kite or aircraft. 


TELLURIC CURRENT — An electrical charge that flows 
in the surface, and subsurface, layers of the earth. 
Telluric currents are direct currents of very low fre- 
quency. They can be produced by disturbances in the 
ionosphere or the passage of charged clouds. Of more 
consequence are the telluric currents produced by 
lightning strikes and electric cells created by the in- 
sertion of metal conductors (i.e., rods) into damp 
ground. 


Telluric currents have the potential for causing an ac- 
cidental firing of an electric match or detonator in a 
firing line that is carelessly or inappropriately 
grounded. 


TEMP — Abbreviation for temperature. 


TEMPERATURE — (Symbol: T) — (Abbreviated temp) — 
A measure of thermal activity that results from atom- 
ic and/or molecular motion. By definition, this mo- 
tion ceases at a temperature of absolute zero. In reali- 
ty, such motion can never cease, as indicated by the 
uncertainty principle of quantum mechanics, so the 
absolute zero of temperature is unattainable. Temper- 
ature is measured by any of a collection of scales 
(Fahrenheit, Celsius, Kelvin and Rankine) that use a 
variety of reference temperatures such as the freezing 
and boiling points of pure water. 


electron temperature — The kinetic temperature of 
electrons in a plasma, such as a pyrotechnic flame or 
the reaction zone of a detonation. These electrons are 
separated from atoms and the electrons have a tem- 
perature as a consequence of their energy of motion. 


ignition temperature — See ignition temperature. 


ion temperature — This has two meanings. The 
first is similar to electron temperature and represents 
the kinetic temperature of the ions in a plasma, such 
as a pyrotechnic flame or the reaction zone of a deto- 
nation. The second meaning is the temperature that 
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would be predicted based on the degree of ionization 
of a gas, assuming conditions of thermal equilibrium. 


kinetic temperature — The temperature of an ob- 
ject or gas based on the motion of its atoms or mole- 
cules. This is the temperature that would be measured 
by an ordinary thermometer. The average energy of 
an atom in a gas depends only on temperature and is 
predicted by Boltzmann’s law (See radiation law 
(Stefan-Boltzmann’s law).): 


ee 
2 


Here, E; is the mean (i.e., average) kinetic energy of 
the gas particles, & is the Boltzmann’s constant 
(1.38x10~3 J/K), and T is the temperature in kelvin. 


molecular temperature — The temperature of a 
gas when internal energies, those caused by molecu- 
lar rotation and vibration are considered. When an 
exothermic reaction occurs, energy is transferred into 
both the kinetic energy of the molecule as a whole, 
and into the bonds between the constituent atoms of 
the molecule. In a solid, temperature is almost exclu- 
sively of the second type since atoms and molecules 
are not free to travel (i.e., translocate). 


stagnation temperature — The temperature exist- 
ing at a point in a fluid (e.g., gas) flow where the 
flow velocity has been reduced to zero because it has 
impinged upon a solid body or its kinetic energy has 
been converted into pressure as in the case of a pitot 
tube (See stagnation point and contrast with static 
temperature (below).) 


standard ambient temperature — (Also normal 
temperature) — A temperature of 25.0 °C (298.15 K 
and 77.0 °F) that roughly corresponds to room tem- 
perature. Thermo-chemical data, such as that in the 
JANAF Thermo-Chemical Tables are given for 
standard ambient temperature, as opposed to standard 
temperature (below). 


standard temperature — The temperature of the 
freezing point of water: 0.0 °C (273.15 K, and 32.0 °F). 
A temperature of 15 °C (50 °F or 288.15 K) is some- 
times used, so care is required to avoid confusion. 
Additionally, thermo-chemical data, such as that in 
the JANAF Thermo-Chemical Tables are given for 
standard ambient temperature (above), roughly corre- 
sponding to room temperature. 


static temperature — The temperature existing in 
an undisturbed fluid flow. (Contrast with stagnation 
temperature (above).) 
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TEMPERATURE COEFFICIENT OF BURN RATE — 
The dependence of the burn rate on temperature 
changes at constant pressure. 


TEMPERATURE COEFFICIENT OF PRESSURE (rock- 
etry) — The dependence of equilibrium chamber pres- 
sure on temperature for a constant propellant area ratio 
(the ratio of burning surface area to nozzle throat area). 


TEMPERATURE — EFFECT ON BURN RATE — Sce 
burn rate, factor affecting. 


TEMPERATURE OF FUSION — See melting point. 


TEMPERATURE OF IGNITION — See ignition tempera- 
ture. 


TEMPERATURE SENSITIVENESS — See ignition sen- 
sitiveness. 


TEMPERATURE SENSITIVITY OF BURN RATE — See 
burn rate temperature sensitivity. 


TEMPERATURE SENSITIVITY OF ROCKET MOTOR 
PRESSURE — See rocket motor temperature sensi- 
tiveness. 


TEMPERATURE, STAGNATION; TEMPERATURE, 
STANDARD; and TEMPERATURE, STATIC — See 
temperature. 


TEMPLE — See machine. 


TEMPORARY INSTALLATION (flame effect) — See 
flame-effect installation, type of: 


TEMPORARY THRESHOLD SHIFT (hearing) — (Ab- 
breviated TTS) — A short-term (i.e., lasting no more 
than a few days) degradation of a person’s hearing 
response. This is commonly the result of exposure to 
high sound pressure levels. Tinnitus (i.e., ringing in 
the ear) is a common manifestation of such exposure. 


TENORITE — See copper(II) oxide. 


TENSILE STRENGTH — The maximum force (in ten- 
sion) per unit cross-sectional area that can be applied 
to some material before it tears apart. For plastic ma- 
terials, tensile strength may be significantly higher 
than its yield strength. 


Tensile strength is fundamentally important in deter- 
mining the burst strength of firework mortars and 
rocket motor casings (see Barlow’s formula). 
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TERMINAL BALLISTICS — See ballistics. 
TERMINAL BOARD, FIREWORK - See rail, firework. 


TERMINAL FLASH (fireworks) — The final flash of 
light produced by falling liquid droplets from a burn- 
ing star (or comet) producing a glitter effect. Such 
terminal flashes are often somewhat larger and more 
violent than the flashes produced earlier in the burn- 
ing of the glitter star. This is thought to be the result 
of the final glitter droplets tending to be somewhat 
larger than those produced earlier. 


Terminal flash may also describe the flash of light 
produced by the type of color-change stars used to 
produce the effect described as encircled dews. 


TERMINAL VELOCITY (physics) — The highest veloci- 
ty achieved by a freely falling object. At the terminal 
velocity of an object, air resistance (i.e., the drag 
force) equals the force of gravity and no further net 
downward acceleration occurs. It can require a signif- 
icant time (1.e., a significant drop height) for an ob- 
ject to reach its terminal velocity. Objects dropped 
from lesser heights, will only acquire a fraction of 
their potential terminal velocity. 


In fireworks: The terminal velocity of a typical dud 
aerial shell falling back to earth is in the range of 90 
to 130 miles per hour (140 to 210 km/h) for 3 to 12- 
inch (75 to 300-mm) shells, respectively. 


TERMINAL VELOCITY (rocketry) — During the pow- 
ered phase of the rocket, the maximum attained speed 
at which the motor thrust equals the combined forces 
of gravity and drag. Theoretically, the rocket would 
continue ascending at a constant speed (i.e., with no 
acceleration) with these forces in balance. This does 
not actually happen because the motor thrust varies 
with time and also drag varies with altitude. 


The term can also mean that point during descent, 
where drag force balances the weight of the descend- 
ing rocket. If the rocket is descending under a para- 
chute or other high-drag recovery device, terminal 
velocity is quite slow. If the rocket is descending 
without a recovery device, this speed can be several 
hundred feet per second. 


TERM OF INSTALLATION (flame effect) — The period 
of time covered in a permit to use a specific flame ef- 
fect in a specific venue. An installation is considered 
to be permanent if the term of installation exceeds 
180 days and is considered to be a temporary installa- 
tion if the term of installation is 180 days or less. 
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TERNARY MIXTURE — A composition that consists of 
only three components. 


TERTIARY EXPLOSIVE and TERTIARY HIGH EX- 
PLOSIVE — See high explosive (blasting agent). 


TEST, AGING — See aging test. 
TEST CHAMBER, EXPLOSIVE — See blast chamber. 
TEST DETONATOR, NO. 8 — See detonator. 


TEST, SENSITIVENESS — See sensitiveness test proto- 
col. 


TETHERED ROCKET - See firework rocket type, basic 
(line rocket). 


TETRAALUMINUM TRICARBIDE — See aluminum 
carbide. 


TETRAAMMINE COPPER(II) CHLORATE _ 
[Cu(NH3)4(C1O3)2| — (Abbreviated TACC) 


An explosive salt, of interest as an obsolete blue col- 
or-agent. It is a deep blue, crystalline solid, decom- 
posed by water. Tetraamine copper(II) chlorate is not 
commercially available; it is included here because it 
is occasionally mentioned in Internet discussion 
groups, bothas a blue color-agent and as an explosive. 


1) Calculated from Cu(NHs3)4(ClO3)2, consistent with 
Ephraim and Jahnsen, 1915. 

2) Ephraim and Jahnsen, 1915. 

3) All salts of Cu(NHs)4** are decomposed by water unless 
a large excess of dissolved NHs3 is present. 

4) Gorbunov and Smagin, 1972. 


Research carried out in the USSR in the early 1970s 
by Gorbunov and Smagin demonstrated that in an 
atmosphere of nitrogen, under ordinary atmospheric 
pressure, pure tetraammine copper(II) chlorate burned 
at a rate of 1.8 g-cm~-s'. The reaction is: 


2 Cu(NH3)4(C103)2 > 
2 CuCl + 12H20 + Ch + 4No 
The enthalpy of the reaction was —820 kJ/mol; the 


calculated combustion temperature was 2100 K. 
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The formation of CuCl as a primary decomposition 
product accounts for the effectiveness of the material 
as a blue color-agent. The high temperature and the 
gaseous reaction products indicate its explosive po- 
tential. Gorbunov and Smagin found that a 50 mg 
sample exposed to a temperature of 280 °C decom- 
posed in less than | second with an intense flash and 
a sharp noise. Furthermore, they found that the rate of 
its combustion increased greatly with atmospheric 
pressure. Ephraim and Jahnsen (1915) had previously 
found that tetraammine copper(II) chlorate exploded 
at 158 °C and that it was also exploded in a drop 
hammer test by a 2 kg weight falling from 150 mm. 


Historical: Tetraammine copper(II) chlorate was de- 
veloped as a blue flame color-agent by French pyro- 
technist Francois-Marie Chertier (17??-1855) and 
described by him in 1843, but he dismissed it as im- 
practically expensive. Tetraammine copper(II) chlo- 
rate is not the same as the obsolete blue flame color- 
agent described as Chertier’s copper. 


Chertier, and some subsequent investigators, pre- 
pared and worked with tetraammine copper(II) chlo- 
rate without even noticing its explosive properties. In 
contrast, the English chemist Edward Chambers Ni- 
cholson (1827-1890) described it as having a power- 
fully explosive character. Nicholson said that it was 
more dangerous to work with than fulminate of mer- 
cury, but that it underwent gradual decomposition on 
exposure to air, accompanied by a diminution of its 
explosive properties. It is understandable that this 
material is no longer of interest for any practical ap- 
plications. 


TETRAARSENIC TETRASULFIDE — See arsenic(II) 
sulfide. 


TETRAAZA-CYCLOOCTANE — See cyclotetra-methyl- 
ene-tetranitramine. 


TETRAAZA-TETRANITRO-CYCLOOCTANE — See cy- 
clotetra-methylene tetranitramine. 


TETRACENE — See naphthacene. 


TETRACHLORO-ETHENE — [C2Cli]— {CAS 127-18-4} 
— (Also tetrachloro-ethylene, perchloro-ethylene, perc 
or PCE). 


Tetrachloro-ethene is one of the very few solvents for 
sulfur (1.7 and 7.3% at 25 and 80 °C). It is a stable, 
non-flammable solvent. Tetrachloro-ethene is a clear, 
colorless, low-viscosity liquid with a sweetish odor. 
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Structural formula: 


Characteristic (a) 


a) Code for reference source, see preface. 


Health Information: TLV-TWA: 25 parts per million. 
It is IARC-2B: possibly carcinogenic to humans and 
listed in various carcinogen categories by all major 
agencies, except OSHA. 


UN hazard classification: PSN: tetrachloroethylene; 
HC: 6.1 — poison inhalation hazard (UN1897). 


TETRAETHYL-RHODAMINE — See rhodamine B. 


TETRAFLUORO-ETHENE HOMOPOLYMER or TET- 
RAFLUORO-ETHYLENE -— See _ polytetra-fluoro- 
ethylene. 


TETRALITE™ — See methyl-tetranitro-aniline. 


TETRAMETHYL-THIONINE CHLORIDE — See methyl- 
ene blue. 


TETRANITRO-CARBAZOLE — [C).HsNsOs] — {CAS 
4543-33-3} — (Abbreviated TNC) — (Also 1,3,6,8- 
tetranitro-carbazole, tetranitro-dibenzo-pyrrole or Ni- 
rosan™) 


Tetranitro-carbazole is an explosive organic com- 
pound used in some pyrotechnic compositions. For 
example, it was used as a burn-rate modifier in illu- 
minating flares. Also, because it is non-hygroscopic 
and non-corrosive, it has found use in some first-fire 
compositions, especially those used to prime compo- 
sitions containing magnesium. Tetranitro-carbazole is 
yellow as crystals, but it turns red-brown when heat- 
ed above 200 °C. 


Structural 
formula: 
(see benzene 


ring) 
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a) Code for reference source, see preface. 
Health Hazards: TLV: none established. 


UN hazard classification: (1,3,6,8-tetranitro-carbazole 
wetted with about 40% water) PSN: flammable solid, 
organic, n.o.s.; HC: 4.1 — flammable solid (UN1325). 


Historical: Tetranitro-carbazole (TNC) was first de- 
scribed in 1882 by Italian chemist Giacomo Luigi 
Ciamician (1857-1922) and his German colleague 
Paul Silber (1851-1932). They prepared it by the ac- 
tion of nitric acid on carbazole. 


In the late 1930s, TNC was developed in Germany 
for use as an insecticide, marketed under the trade 
name Nirosan; by 1944, German production of TNC 
was approximately 7000 tons. During World War II, 
TNC was used in first-fire compositions in German 
military pyrotechnics. These compositions were de- 
signed to replace Black Powder in priming flare 
compositions containing magnesium. Black Powder 
had been found to react with magnesium to generate 
hydrogen sulfide; this in turn reacted with lead com- 
pounds used as primary explosives in the flares’ initi- 
ators, rendering them ineffective. 


By 1974, TNC was being used in first fires by the US 
Navy (MIL-STD-720), and in 1976, its use was pa- 
tented as a burn-rate modifier for illuminating flares 
(David R. Dillehay, 1976, US Patent 3,985,907). In 
recent years, TNC became difficult to obtain from 
commercial sources, and a method for its synthesis 
from carbazole was developed for the US Military 
(Price and Haynes, 2010). 


TETRANITRO-CELLULOSE [Ci2HisO«(NO3)4] — See 


nitrocellulose. 


TETRANITRO-DIBENZO-PYRROLE -— See fetranitro- 


cabazole. 


TETRANITRO-METHANE — [C(NO>)s] — {CAS 509- 


14-8}. 


Tetranitro-methane, as fully nitrated methane, has an 
excess of oxygen, making it a powerful oxidizer. It is 
used in liquid-fueled rockets as an oxidizer or indi- 
vidually as a monopropellant. Tetranitro-methane is 
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also used to enhance the performance of high explo- 
sives having a negative oxygen balance. It is a color- 
less liquid with a pungent odor. 


Structural formula: 


a) Code for reference source, see preface. 
b) Confined at a density of 1.64 g/cm?. 


Health Information; TLV-TWA: 0.005 ppm. 
Tetranitromethane is [ARC-2B: possibly carcinogen- 
ic to humans and is listed in various carcinogen cate- 
gories by all major agencies, except OSHA. 


TETRANITRO-PENTAERYTHRITOL — See pentaeryth- 
ritol-tetranitrate. 


TETRAPHOSPHORUS -— See phosphorus (white phos- 
phorus). 


TETRAPHOSPHORUS TRISULFIDE — See phosphorus 
sesquisulfide. 


TERTIARY HIGH EXPLOSIVE — See high explosive 
(blasting agent). 


TETRYL™ and TETRALITE™ — See methyl-tetranitro- 
aniline. 


TFE — Abbreviation for polytetra-fluoroethylene (i.e., 
teflon). 


TG and TGA — Abbreviation for thermogravimetry 
and thermogravimetric analysis, respectively. 


THAILAND AND LAOS ROCKET FESTIVAL — Sce 
rocket festival, Thailand and Laos. 


THEATER FIRE — See tableau fire. 
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THEATRICAL EXPLOSIVE and THEATRICAL FIRE- 
WORKS — See proximate audience pyrotechnics, 
which is the technically correct terminology. 


THEATRICAL FLASH POWDER — See flash powder 
type. 


THEATRICAL PRELOAD — See preload (pyrotechnic 
special effect). 


THEATRICAL PYROTECHNICS — See special effect 
and proximate audience pyrotechnics. 


THEATRICAL SMOKE MACHINE - See fog machine. 
THEATRICAL SPECIAL EFFECT - See special effect. 


THEFT-RESISTANT — Construction designed to deter, 
or delay, illegal entry into a structure such as an ex- 
plosive magazine. In the US, among other things, this 
requires the point of entry of a magazine having two 
mortise locks or two padlocks protected with a %4- 
inch (6-mm) steel cover. 


THEODOLITE — (Also transit) — An instrument for pre- 
cisely measuring both the angle of elevation and the 
angle of azimuth. These measurements can be used to 
determine such things as the apogee and direction of 
an object, such as a firework aerial shell or an ama- 
teur rocket. 

THEORETICAL MAXIMUM DENSITY — See density. 

THERMAL — Pertaining to heat or temperature. 

THERMAL ABSORPTION — See absorption, energy. 

THERMAL BATTERY — See battery, electrical. 


THERMAL BURN -— See burn (noun). 


THERMAL CONDUCTION - See thermal energy transfer 
mechanism (conduction). 


THERMAL CONDUCTIVITY — See conductivity, ther- 
mal. 


THERMAL CONVECTION - See thermal energy transfer 
mechanism. 


THERMAL DIFFUSIVITY — See diffusivity, thermal. 


THERMAL DISSOCIATION — See dissociation, thermal. 
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THERMAL ENERGY — The energy present in a sub- 
stance from the translation, rotation or vibration of its 
atoms or molecules. 


THERMAL ENERGY TRANSFER MECHANISM — 


Thermal energy is manifested in the motions of at- 
oms and molecules within a substance, with greater 
energy corresponding to more vigorous and frenetic 
motion. There are three ways in which thermal energy 
can be transferred from one place to another, and all 
three are potentially important in pyrotechnic ignition 
and propagation. These three mechanisms (conduc- 
tion, convection and radiation) are discussed below. 


conduction — In thermal conduction, the motions 
are communicated (i.e., transferred) by the random 
collisions of the atoms and/or molecules within a sin- 
gle mass of material or between two masses of mate- 
rial that are in physical contact. The ease with which 
energy is transferred is controlled by the thermal 
conductivity of the material, with greater conductivity 
resulting in improved thermal energy transfer. 


In pyrotechnics: Conductive feedback plays an im- 
portant role in the thermal energy transfer from the 
burning material to the adjacent unignited material. 
Those measures that increase the thermal conductivity 
of the material also improve the likelihood of suc- 
cessful propagation and/or increase the material’s 
burn rate. Examples of ways to increase thermal con- 
ductivity of a pyrotechnic material or device are the 
inclusion of metals in the composition and greater 
compaction of the composition. These measures are 
particularly effective in controlling the burn rate of 
gasless compositions such as those used in pyrotech- 
nic delay columns. See burn rate, factor affecting 
(presence of additive) and (degree of compaction). 


convection — In convection, thermal energy is 
communicated (i.e., transferred) from one area to an- 
other by the movement of a fluid (either gas or liq- 
uid) between the two areas, which may or may not be 
in direct physical contact. The ease with which energy 
is transferred is controlled by the ease with which the 
fluid moves between the two areas and the properties 
of the fluid, with greater fluid movement and higher 
thermal mass of the fluid resulting in improved ther- 
mal energy transfer. The gases produced by a typical 
pyrotechnic reaction, frequently carry hot particulate 
materials that can increase thermal energy transfer. 


In pyrotechnics: Convective feedback often plays an 
important role in the thermal energy transfer in the 
form of hot combustion gases moving from burning 
material into adjacent unignited material. Those 
measures that increase the permeability of the material 
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also increase the material’s burn rate. Examples of 
ways to increase the permeability of a pyrotechnic 
material are minimal compaction of the composition 
and granulation of the composition. These measures 
are only effective in controlling the burn rate of gas- 
producing compositions. See burn rate, factor affect- 
ing (degree of compaction) and (physical form). 


radiation — In radiation, thermal energy is commu- 
nicated (i.e., transferred) from one area to another by 
electro-magnetic radiation (i.e., photons) moving be- 
tween the two areas, which may be in little or no 
physical contact. The ease with which energy is 
transferred is controlled by the amount of infrared ra- 
diation produced by (1.e., the emissivity of) the hotter 
area and the efficiency with which the infrared radia- 
tion is absorbed by (i.e., the absorptivity of) the cooler 
area. Collectively, greater emissivity (of the hotter 
area) and absorptivity (of the cooler area) result in 
improved thermal energy transfer by radiation. 


In pyrotechnics: Radiative feedback often plays an 
important role in the thermal energy transfer for 
flame-producing pyrotechnics. In this case, the trans- 
fer is from the flame, back to the burning composi- 
tion. Those measures that increase the infrared emis- 
sions from the flame and the absorbance of the com- 
position also increase the material’s ease of ignition 
and successful propagation. An example of a way to 
increase the emissivity of the flame is to provide in- 
candescing particles in the flame, such as carbon par- 
ticles or refractory metal oxide particles. An example 
of a way to increase the absorptivity of the composi- 
tion is to include components to darken it, such as 
adding a fraction of a percent of lampblack. These 
measures are only effective in controlling flame- 
producing compositions. 


In some rocket and gun propellants, an opacifier such 
as carbon black is added. This helps to control per- 
formance by blocking the penetration of radiation in- 
to the material and thus possibly igniting it below the 
burning surface. 


THERMAL EQUILIBRIUM — The condition when there 


is no net exchange of heat energy between any ob- 
jects that are in physical contact with each other or 
that are connected by any means of transferring heat. 
Objects in thermal equilibrium are said to be at the 
same temperature. (See thermodynamic equilibrium.) 


THERMAL EXPLOSION — The result of a runaway exo- 


thermic chemical reaction that occurs when the rate 
of evolution of heat within a reacting volume is 
greater than the rate at which that volume can dissi- 
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pate the heat to its surroundings. This causes the 
temperature of the system to increase, which acceler- 
ates the rate of the exothermic reaction (see Arrheni- 
us equation). Thus, the temperature and reaction rate 
spiral ever higher and faster, to eventually produce an 
explosion. 


Thermal explosions are considered to occur in static 
systems and, as such, do not involve the flow of ei- 
ther reactants or products. As a static system, thermal 
explosions can be described by the laws of thermo- 
dynamics and kinetics; since there is no mass transfer 
(i.e., flow), they do not involve the laws of hydrody- 
namics. (See thermal runaway temperature.) 


THERMAL GRADIENT — The distribution of a tempera- 
ture difference through a body or across a surface. 


THERMALITE™ FUSE — See igniter cord. 


THERMALLY SELF-ACCELERATING REACTION — See 
thermal runaway. 


THERMAL METHOD - Any of a collection of instru- 
mental techniques used to analyze the temperature 
dependent properties of materials. Common thermal 
methods include accelerating rate calorimetry, differ- 
ential scanning calorimetry, differential thermal anal- 
ysis, heat flux calorimetry, simultaneous differential 
thermal analysis and thermogravimetry. 


THERMAL RADIATION — See /ight spectrum (infrared 
light). 


THERMAL RUNAWAY — (Also. thermally  self- 
accelerating reaction) — The situation where the rate 
of energy production by a pyrotechnic material ex- 
ceeds the rate of energy loss. This results in a contin- 
uing temperature rise, which eventually leads to 
spontaneous ignition and possibly an explosion. As a 
result, a basic understanding of the concept of ther- 
mal runaway is quite important. 


Stable sample temperature: The rates of all chemical 
reactions increase with increasing temperature (see 
Arrhenius equation). For pyrotechnic materials, 
which undergo exothermic chemical reactions, the 
rate of energy production increases with increasing 
temperature. The rate of heat production, as a func- 
tion of temperature, is the rate of heat gain curve 
(red) in the illustration below. 
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Rates of Heat 
Gain and Loss 


T Temperature 


a 


At the very lowest temperatures, the rate of gain with 
increasing temperature is quite small, but because of 
the exponential nature of the Arrhenius equation, the 
rate of heat gain accelerates greatly at higher temper- 
atures. 


It is also necessary to consider the rate of heat ex- 
change between the composition and the surround- 
ings. This is the heat loss curve (green) in the above 
illustration, where it can be seen that the rate of heat 
loss is approximately a straight line over the tempera- 
ture range of interest in this discussion. When the py- 
rotechnic composition is at ambient temperature (Ta), 
no heat is being lost to the surroundings. At the same 
time, the heat gain curve is a little greater than zero. 
This is shown more clearly in the expanded illustra- 
tion below. 


Rates of Heat 
Gain and Loss 


Temperature 


At low ambient temperatures, heat is slowly being 
produced by the chemical reactions occurring within 
the pyrotechnic composition. Because no heat is be- 
ing lost to the surroundings, heat must accumulate in 
the composition, and the temperature of the composi- 
tion must begin to increase. Once the temperature of 
the composition has increased above ambient tem- 
perature, heat will begin to be lost from the composi- 
tion. At first, the rate at which energy is lost contin- 
ues to be less than the rate of heat gain and the tem- 
perature continues to increase slightly. The rates of 
gain and loss soon become equal (i.e., the gain and 
loss curves cross in the above illustration), and the 
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temperature of the composition must then remain 
constant at this temperature (Ts), which is a little 
greater than ambient. This is a stable situation (or at 
least meta-stable) in that if the temperature of the py- 
rotechnic composition is temporarily raised or low- 
ered somewhat by some external influence, it will 
always return to Ts when the external influence is re- 
moved. 


Runaway temperature: If the temperature of the 
composition is raised above Ts, at first, the rate of 
loss is greater than the rate of gain. In that case, if the 
composition is left alone, its temperature will fall un- 
til again reaching Ts. If the temperature of the sample 
is raised to a relatively high temperature, the rate of 
heat gain eventually begins to exceed the rate of heat 
loss (i.e., the two lines in the graph cross again for a 
second time), as illustrated below. This higher tem- 
perature, at which the rate of heat gain equals the rate 
of heat loss, is described as the thermal runaway 
temperature (T;). 


Rates of Heat 
Gain and Loss 


Temperature 


Once the pyrotechnic composition has been raised 
above this thermal runaway temperature, even if only 
very slightly, the composition will self-heat and the 
temperature will continue to rise. Eventually, without 
adding further heat from the outside, the temperature 
will rise to the ignition temperature of the pyrotech- 
nic material. Thus, the composition will ignite, with 
all the potential hazards that result. 


The thermal-run away phenomenon has resulted, and 
continues to result, in catastrophic accidents. Thus, 
persons working with pyrotechnic materials would 
want to know the runaway temperature for the com- 
positions they are using. There are at least two com- 
plications that can greatly affect runaway temperature 
for the same pyrotechnic composition. 


The effect of sample configuration: The rate of ther- 
mal energy (i.e., heat) gain is independent of the 
sample configuration. The rate of thermal energy loss 
depends on several things, and these can cause a 
change in the slope of the heat loss curve. For exam- 
ple, with larger samples, it is more difficult for the 
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heat produced within the sample to escape from the 
sample to the surroundings. The result is that the rate 
of heat loss (i.e., the slope of the heat loss curve) is 
correspondingly less. Similarly, for loosely- 
compacted composition, its thermal conductivity and 
the rate of heat loss is less than for the same composi- 
tion when it is more tightly compacted. Packaging 
too has an effect; if the pyrotechnic composition is 
inside a paper tube, the rate of loss will be less than if 
it is inside a metal tube. The result of each of these 
things, which affect the rate of heat loss, is to cause a 
change in the slope of the heat loss curve, which 
shifts the runaway temperature. The result for one of 
these factors, sample size, ranging from small to very 
large is illustrated below. 


Rate of Heat 
Gain and Loss 


T. Temperature 


The result is that for any given pyrotechnic composi- 
tion, there is not one, but many different thermal run- 
away temperatures, one for each different sample size 
and configuration. Note that if the sample is large 
enough (or well enough insulated) the heat gain and 
loss curves never cross, and the rate of heat gain is 
always greater than the rate of loss over the entire 
range of temperatures. In that case, the self-heating of 
the composition will always result in thermal runa- 
way and its spontaneous ignition. 


The effect of ambient temperature: Changes in ambi- 
ent temperature also influence the thermal runaway 


temperature of the pyrotechnic composition. As the 
ambient temperature changes, the slope of the heat 
loss curve does not change, but the curve moves to 
the right or left (to a higher or lower temperature). As 
the heat loss curve moves, the crossing points on the 
heat gain curve also move (as illustrated below). If 
the ambient temperature is high enough (Tas), the 
heat gain and loss curves never cross, and the rate of 
heat gain is always greater than the rate of loss over 
the entire range of temperatures. In that case, the self- 
heating of the composition will always result in 
thermal runaway and spontaneous ignition. 
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Rate of Heat 
Gain and Loss 


TTT 


Pees Temperature 


Ty 


Cook-off test: Because thermal runaway and the re- 
sulting spontaneous ignition events are so hazardous, 
it is common to conduct testing to establish the ther- 
mal runaway temperature of a specific pyrotechnic 
item under specific conditions. These tests are often 
referred to as cook-off tests. In other cases, testing is 
performed to determine whether a pyrotechnic item 
can be safely held at a specific temperature, such as 
the maximum reasonably expected temperature dur- 
ing storage or use. For example, in the US approval 
process, all fireworks are tested by holding them at a 
temperature of 75 °C (167 °F) for 48 hours. To pass 
the test, the firework item must not ignite or show ev- 
idence of decomposition. 


Compositional change: If the content of the composi- 
tion changes as the sample is self-heating, it is likely 
that the thermal runaway temperature will change, 
and an ignition may not occur. One common example 
of this is when the self-heating is the result of a 
chemical reaction occurring because the composition 
is moist. If, as the reaction begins to accelerate and 
the temperature in the composition rises, the moisture 
is driven off, then it is possible that the temperature 
rise will be limited and will not reach either the ther- 
mal runaway temperature of the now dry composition 
or its ignition temperature. 


THERMAL RUNAWAY TEMPERATURE -— (Also auto- 
ignition temperature, self-ignition temperature, self- 
accelerating reaction temperature or spontaneous ig- 
nition temperature) — For a pyrotechnic composition, 
that temperature above which the rate of thermal en- 
ergy production from the composition is always 
greater than the rate of thermal energy loss to the sur- 
roundings. Thus, whenever a material is at a tempera- 
ture greater than its thermal runaway temperature, 
self-heating will continue to the point of spontaneous 
ignition. This can also be stated as the lowest temper- 
ature at which a material will self-ignite, without an 
external source of ignition. 
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THERMAL SENSITIVENESS — The response of a mate- 


rial, such as a pyrotechnic composition or an explo- 
sive, to heat. There are at least three components of a 
material’s thermal sensitiveness: its thermal runaway 
temperature, its ignition temperature and its thermal 
stability. 


THERMAL STABILITY — A measure of a material’s re- 


sponse to exposure to relatively high temperatures for 
a given period. For example, the UN thermal stability 
test for transportation classification purposes is expo- 
sure to 75 °C (167 °F) for a period of 48 hours. Any 
visible deterioration (or an ignition) of the sample 
during the test constitutes failure; also, a 3 °C (5 °F) 
excursion above the 75 °C (in the sample) would be a 
failure. 


THERMATE — Any of several modified Goldschmidt 


reaction compositions that include ingredients such 
as resins and/or additional oxidizers to make them 
more effective as incendiaries. (Some authors simply 
refer to ‘thermate’ mixtures generically as incendiary 
compositions. Also, some use the term ‘thermite’ ge- 
nerically for all Goldschmidt reaction compositions.) 


Thermates were developed during World War II and 
were used in a variety of incendiary shells and bombs 
used by both Allied and Axis forces. Except for their 
use of basic Goldschmidt reaction ingredients, ther- 
mates are quite diverse in their composition. Three 
thermate formulations are presented below. 


Formulation —| Parts by Weight 
Ingredient | 1 


1) Shidlovskiy, 1964 (described as a thermite incendiary 
composition). 
2 and 3) Ellern, 1968. 


Formulation 1 was used in Russian incendiary artil- 
lery shells. Formulations 2 and 3 (referred to as TH3 
compositions) were used in several US military de- 
vices including AN-M14 incendiary grenades used to 
destroy (or at least to make useless) munitions, artil- 
lery pieces and other equipment. The AN-M14 gre- 
nade is illustrated below. 
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Illustration credit: Wikipedia/commons 


THERMISTOR — A temperature-sensing element com- 
posed of semiconductor material that exhibits a large 
change in resistance proportional to a small change in 
temperature. Thermistors usually have negative tem- 
perature coefficients (i.e., there is a decrease in re- 
sistance with increasing temperature). 


THERMIT™ — A trade name for thermite. 


THERMITE™ — (Also Thermit™) — A mixture of alu- 
minum metal powder and iron(II) oxide [Fe203] or 
iron(II,II1) oxide [Fe30,] (typically in a ratio of ap- 
proximately 1:3 — the stoichiometric proportions are 
1:2.96 for Fe2O3 and 1:3.21 for Fe3O4). It was devel- 
oped by German chemist and entrepreneur Johann 
Wilhelm (Hans) Goldschmidt (1861-1923) in a series 
of experiments beginning in 1892 and was the subject 
of several patents in the late-19" and early-20" centu- 
ries. It was suggested as a convenient high tempera- 
ture heat source for welding in industrial applica- 
tions, as a way of producing molten iron (free from 
carbon and other impurities), and as a way of produc- 
ing various alloys directly in the casting ladle. Ther- 
mite was subsequently applied as a military incendi- 
ary composition. The burning of thermite is one of a 
class of replacement chemical reactions described as 
Goldschmidt reactions. The basic thermite reaction is: 


8 Als) + 3 Fe3Oas) > 4 AlOxs) + 9 Fea) 


Burning thermite is characterized by the production 
of bright sparks and extreme heat generation. The 
temperature of burning thermite is typically in the 
range of 2000 to 2800 °C, thus, the iron produced is 
molten. 


Thermite has been used for over 100 years for weld- 
ing in the field, such as when it is necessary to fuse 
lengths of railroad tracks (see welding, pyrotechnic). 
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For welding, the particle size of the ingredients is ra- 
ther coarse, perhaps even as large as 10 mesh. This is 
to slow the reaction rate, to keep the products from 
spattering and to allow the molten iron to pool. 
Thermite has also found considerable use in the mili- 
tary (for incendiary compositions) and in industry, in 
situations where a rapid, localized increase in tem- 
perature is required, such as to increase the tempera- 
ture of molten iron or steel in a ladle prior to casting. 


Practical versions of thermite for incendiary or heat- 
ing purposes may also contain oxidizers, such as bar- 
ium nitrate, to facilitate ignition. With the addition of 
such oxidizers, the composition may be described as 
a thermate. Boric acid (used to stabilize the alumi- 
num against reactions with moisture) is also some- 
times added. When sulfur is added to the mixture, it 
may be described as Daisite. Binders are sometimes 
used and may include asphalt, colophony, drying oils 
or Bakelite. 


Thermite mixtures are remarkably insensitive to both 
mechanical and thermal ignition. They are not ignited 
by the impact of a bullet, by ordinary black match or 
other by fuses based on Black Powder. Thermites re- 
quire an especially high-temperature ignition source. 
Special ignition mixtures including barium peroxide 
and magnesium powder (introduced by Goldschmidt 
in 1893) have been used as ignition compositions for 
thermite. Three examples of thermite ignition compo- 
sitions are presented below (Shidlovskiy, 1964). 


Formulation —| Parts by Weight 
Ingredient | (3) | 


There are hundreds of Goldschmidt reaction mix- 
tures, which produce a very high temperature by re- 
ducing a metal oxide with a more reactive metal. The 
term thermite is sometimes used (casually and some- 
what improperly) as a generic term for any Gold- 
schmidt reaction mixture. The term is also occasion- 
ally used improperly to describe some firework star 
or fountain effects because of their perceived similar 
appearance to a thermite reaction rather than any sim- 
ilarity to their chemistry. 


THERMITE IGNITING STICK — A device (shown be- 


low, left), similar to a wire-cored sparkler, designed 
to ignite thermite compositions, which are otherwise 
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most difficult to ignite because of their especially 
high ignition temperatures. After ignition (e.g., with a 
fusee match or propane torch), a burning thermite ig- 
niting stick produces an intense stream of high tem- 
perature flame and sparks (shown below, right). 


" 


The thermite igniting stick composition is a mixture 
of iron(II) oxide, aluminum, barium nitrate and a 
binder. The intense stream of sparks (1.e., incandes- 
cent particles) produced by a burning igniting stick 
include molten iron. 


THERMITE PAPER, RED — Sce powder-pasted paper. 


THERMITE, RED — A mixture of ferrosilicon (i.e., an 
alloy of silicon [Si] containing approximately 10% 
iron [Fe]) and red lead (i.e., leadUILILIV) oxide 
[Pb3O4]) in a ratio of 1:4 (Shimizu, 1981). Red ther- 
mite has been effectively used in some priming ap- 
plications for difficult to ignite pyrotechnic composi- 
tions and for a type of powder-pasted paper. The 
burning of red thermite is one of a class of replacement 
chemical reactions described as Goldschmidt reac- 
tions. Red thermite is reputed to be sensitive to me- 
chanical ignition and must be handled carefully, es- 
pecially when it is used in the form of powder pasted 
paper, which has been known to ignite when being cut. 


THERMITE SOLDERING TOOL — See soldering tool, 
cartridge-heated. 
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THERMITIC — Pertaining to thermite; may also de- 
scribe a thermite-like formulation, or a pyrotechnic 
effect visually similar to burning thermite. 


THERMITIC REACTION — See Goldschmidt reaction. 
THERMOBARIC EXPLOSIVE — See fuel-air explosive. 


THERMOBARIC WEAPON — A fuel-air explosive de- 
vice configured for use as a weapon. Thermobaric 
comes from the Greek meaning heat and pressure the 
two principal types of destructive output from such a 
weapon. 


THERMOCHEMICAL — A chemical change induced or 
influenced by heat. 


THERMOCHEMICAL MODELING — (Also thermody- 
namic modeling) — The application of chemical ther- 
modynamics to predict the products and energetics of 
chemical reactions. Computer modeling of the com- 
bustion of pyrotechnic mixtures began in the 1950s 
with initial application to rocket propellants. Perhaps 
the historically most popular computer code was that 
developed by the National Aeronautics and Space 
Administration (NASA); the current version of this is 
named the NASA CEA2 (Chemical Equilibrium with 
Applications) program. This has been available, free 
of charge to qualified users, since the 1970s. More 
recently, other codes have become available, usually 
for a fee. These codes address some of the limitations 
of the CEA2 and earlier codes. 


The most fundamental case of pyrotechnic flame 
modeling assumes chemical equilibrium in the flame. 
Gibbs free energy minimization, a standard mathe- 
matical, chemical thermodynamic technique, is invar- 
iably used for the calculations. This technique is 
based on the fact that chemical reactions proceed in a 
way that minimizes the free energy. At equilibrium, 
the free energy of the reactants equals the free energy 
of the products. Results of calculations that assume 
chemical equilibrium compare very well with meas- 
ured flame temperatures and compositions of labora- 
tory flames and plasmas. Similar results should be 
possible for pyrotechnic mixtures, but in practice, the 
usefulness of thermochemical modeling can be lim- 
ited by the lack of the necessary thermodynamic data 
for all the reactants and possible reaction products. 


In essence, the modeling process considers all of the 
possible reaction products corresponding to the 
chemical reactants. Then, it systematically varies the 
quantity of those products, each time seeking the 
lowest (i.e., minimum) calculated value of Gibbs free 
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energy. Once the relative quantities of the reaction 
products have been determined, other useful data can 
be generated, for example, enthalpy and heat capaci- 
ty data can be used to calculate adiabatic flame tem- 
perature. Most modeling programs also have the capa- 
bility to predict what products will result upon cooling 
of the initial (i.e., high-temperature) reaction products. 


An equilibrium thermochemical code can be used to 
compute the impetus and flame temperature of pro- 
jectile propellants, combustion and exit flow condi- 
tions in rockets and the predominant species in illu- 
minating and colored flames. At the high tempera- 
tures occurring in pyrotechnic combustion or explo- 
sion, many different chemical reactions occur, and, 
even for seemingly simple binary or ternary composi- 
tions, dozens of species can be created under reaction 
conditions. 


Some modern commercial codes include BLAKE™, 
CERV™, CHEETAH™, Chemical WorkBench™, 
EQS4WIN™, HSC Chemistry™, FactSage™, 
ICT™, IVTANTHERMO™, MALT for Windows™, 
MTData™ and Thermo-Calc™. Some codes provide 
a user-friendly interface and more accurate treatment 
of high-pressure events, such as those encountered in 
applications to rocket propellants and explosives. 
These codes require accurate thermodynamic input 
data. Unfortunately, there are only limited data in the 
respective databases and the needed data are often 
difficult to obtain from other sources. 


Limited kinetic modeling is also possible with some 
of these programs. Again, the limited availability of 
kinetic data restricts the application of codes that of- 
fer kinetic modeling. 


The simple equilibrium codes do not lend themselves 
well to modeling of situations where atmospheric ox- 
ygen participates in the reaction, as in the combustion 
of compositions rich in metal fuels, such as signal 
flares, theatrical flash powders and some _high- 
intensity firework stars. Air can be added as an in- 
gredient in the initial composition, which allows one 
to gain some insight into its effect on combustion 
products and temperatures. 


In addition to helping to understand the combustion 
of existing compositions, the programs can also be 
used to evaluate new compositions. Despite their lim- 
itations, the programs can be invaluable in generating 
approximate optima in pyrotechnic formulations. 
These results can then be experimentally checked and 
refined. Although much development time and field 
testing can be saved by computer modeling, the pro- 
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gram results are never the final step. Experimental 
verification is always necessary. 


Modeling results have been especially good in mili- 
tary and space program applications. This is largely 
due to the availability and accuracy of component da- 
ta, as the input species tend to be well-characterized, 
for both pure compounds and mixtures, and the com- 
bustion product species have often been well-studied. 
The results for civilian pyrotechnic applications such 
as fireworks can be less accurate. because of the un- 
certainty in the thermodynamic data for the less- 
common oxidizers, additives such as flame color- 
agents and chlorine donors, and the variable and 
poorly characterized natural resins and other fuels. 
Missing (i.e., unmeasured or unestimated) data for 
significant product species are also more likely to oc- 
cur for civilian pyrotechnics and can seriously de- 
grade the accuracy of the results. 


In addition to its pyrotechnic uses, thermochemical 
modeling is increasingly being applied in high- 
temperature chemical process development. As a re- 
sult, the historically-limited databases of chemical 
species are slowly being enlarged. 


THERMOCHEMISTRY — The subdivision of chemistry 


that deals with the relationship of heat to chemical 
changes. 


THERMOCOUPLE - A temperature sensor made by 


joining two dissimilar metals. When two different 
metals are brought into contact, they can generate an 
electric potential (i.e., voltage). The voltage produced 
depends on the types of metal and the temperature at 
their point of contact (T1) relative to a reference tem- 
perature (To) and junction. 


V 


Cu Wire a 


Reference — 
Junction 


< Sensing 


4 Junction 


Whenever T: does not equal To, the net voltage pro- 
duced (Vo1) will be different from zero and can be 
used to indicate the temperature difference (T1 — To). 


Some thermocouple (T.C.) types, their operating tem- 
perature range and composition are presented below. 
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T.C. | Temp. Range Positive Negative 
Typ ae Lead Lead 


T 


THERMOCOUPLE, SHEATH — A thermocouple made 
from a mineral-insulated thermocouple cable that has 
an outer metal sheath, thus allowing the thermocou- 
ple to be used under harsh environmental conditions 
(i.e., high temperature or with corrosive or reactive 
materials). 


THERMODYNAMIC -— Pertaining to the science of 
thermodynamics. 


THERMODYNAMIC ENERGY - See energy, thermody- 
namic. 


THERMODYNAMIC EQUILIBRIUM — When all the 
constituents of a system are at the same temperature, 
independent of the method of measurement. Thus, the 
electron temperature, ion temperature, kinetic tem- 
perature and molecular temperature are all equal. 
Normally, during combustion, points in the flame 
may be at different temperatures. A short time after 
the reactions, these temperatures tend to become 
equal through collisions and possibly other reactions, 
and thermodynamic equilibrium is established. 


THERMODYNAMIC MODELING — See thermochemical 
modeling. 


THERMODYNAMICS — The study of the production or 
flow of thermal energy (i.e., heat) and its conversion 
into work. Much of the science of thermodynamics is 
derived from the three basic laws of thermodynamics, 
plus a fourth law described as the zeroth law. 


system, surroundings and universe — When per- 
forming thermodynamic calculations, separate con- 
sideration is given to the specific material(s) being 
addressed (described as the system), everything else 
(described as the surroundings) and the combination 
of the system and surroundings (described as the uni- 
verse). 
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For example, when a firework star burns, the star and 
its combustion products would typically be consid- 
ered to be the system. The air and everything else are 
the surroundings. Knowing the chemical formulation 
of the star (and some standard thermodynamic quan- 
tities for each of the ingredients), the heat produced 
by the burning star can be calculated, as can the 
flame temperature and the chemical composition of 
the flame. As the star burns, heat is transferred from 
the system to the surroundings, and the entropy of the 
universe increases. 


zeroth law of thermodynamics — The statement 
that two bodies that are each in thermal equilibrium 
with a third body are in thermal equilibrium with 
each other. Thus, the two bodies share a common at- 
tribute, temperature. In effect, this law is stating that 
a thermometer (i.e., the third body) can be used to 
measure the temperature of other bodies. 


first law of thermodynamics — The statement that 
any change in the internal energy of a system (AU) is 
equal to the heat (i.e., thermal energy, g) added to the 
system minus the work (w) done by the system: 


AU=q-w 


In essence, this is just a statement of the law of ener- 
gy conservation. 


second law of thermodynamics — The statement 
that it is impossible to transfer heat (i.e., thermal en- 
ergy) from a colder to a warmer system without the 
occurrence of other simultaneous changes in the two 
systems or in the surroundings. Another equivalent 
statement of this law is that the entropy of a system 
and its surroundings cannot decrease. For reversible 
adiabatic processes, the entropy of the system and its 
surroundings remains constant, and for irreversible 
processes, entropy increases. The entropy of a system 
can decrease, but only at the expense of a greater in- 
crease in the entropy of the surroundings. 


third law of thermodynamics — The statement that 
every substance has finite positive entropy, and that 
the entropy of a perfect crystalline substance is zero 
at the temperature of absolute zero. This implies that 
the absolute zero of temperature cannot be reached. 


This law, discovered by German chemist Walther 
Nernst (1864-1941), defines the zero point of entropy. 
Therefore, the absolute entropy of a substance at any 
temperature can be calculated from experimental 
measurements. This is in contrast with other thermo- 
dynamic quantities, such as enthalpy or Gibbs free 
energy, for which only changes during a process can 
be measured or calculated. 
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THERMOGRAVIMETRY — (Abbreviated TG) — (Also 
thermogravimetric analysis, TGA) — One of the 
thermal methods used to study the properties of mate- 
rials, including pyrotechnic compositions. The mass 
of a sample is monitored as a function of time and 
temperature, while the atmosphere is kept constant. 
The thermobalances used in TG experiments are very 
sensitive, with mass resolution as small as 1 pg 
(1.0x10° g). These measurements can be used to 
help determine the overall kinetics of a pyrotechnic 
reaction. The technique can also provide information 
on the various steps in the thermal decomposition of 
the pyrotechnic composition. 


TG is often used in conjunction with the differential 
thermogravimetry (DTG) technique. The latter is a 
method of expressing the TG results by computing 
the first derivative curve of the mass as a function of 
temperature or time. DTG can provide greater sensi- 
tiveness in determining the onset temperature for 
mass loss and in separating overlapping reactions. 


In thermogravimetry, the sample is subjected either 
to a constant rate increase in temperature (typically 
ranging from 2 to 20 °C per minute) or held at a con- 
stant temperature (i.e., isothermal) for a specified 
time. Temperatures typically range from ambient to 
1000 °C. For some samples, the size can range up to 
50 mg. When experiments are performed on energet- 
ic materials, the typical sample size is only a few mil- 
ligrams, to reduce the risk of damaging the sensitive 
apparatus. Because of the small sample size, TG re- 
sults are not fully representative of bulk samples. Al- 
so, several samples would typically need to be tested 
to establish the variability of the composition. A 
schematic diagram of the instrument and a picture of 
a common TG apparatus are shown below. 


Balance 
Electrobalance Control Unit 


Thermocouple ae Out 
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The samples are normally contained in open, light- 
weight aluminum or platinum pans. The gaseous en- 
vironment in the furnace and thermobalance com- 
partment can be changed either during an experiment 
or in separate experiments. This can be useful in de- 
termining the oxidation of a component in a specific 
oxidizer/fuel system. The nature of the purge gas and 
the purge rate (cm*/min) are normally quoted as pa- 
rameters of the experiment. 


Prior to running an experiment with a sample to be 
investigated, the TG apparatus is normally calibrated 
for temperature and mass. Mass calibration is usually 
performed using standard weights. The temperature 
calibration is often obtained using the Curie point 
magnetic method with SRM Nickel (following 
ASTM E1582). 


Typical TG and DTG curves are presented below for 
5 mg of 5FA Black Powder in a platinum pan, heated 
at a rate of 5 °C/min, and maintained in a flow of dry 
air (100 cm*/min, split 60:40 between the furnace and 
the balance, respectively). 


0 100 200 300 400 500 
Temperature (°C) 


In the temperature range below 225 °C, the curves 
show a first mass loss step (1) of about 10%, which 
corresponds to the vaporization of sulfur. The second 
mass loss step is more complex due to the presence 
of air in the gas phase. The DTG curve reveals two 
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small steps in the 275-350 °C range (2) and a final 
large step (3), taking place between 350 and 450 °C, 
which corresponds to the oxidation of charcoal by 
potassium nitrate. By correlating this measurement 
with simultaneous TG-DTA-EGA (evolved gas anal- 
ysis) measurements, it was found that the two small 
steps (2) are probably due to the oxidation of the re- 
maining sulfur in the liquid phase and the oxidation 
of charcoal by oxygen in the air-purge with out- 
gassing of sulfur dioxide and carbon dioxide. 


(The data and photographs in this entry were repro- 
duced with the permission of the Minister of Public 
Works and Government Services, courtesy of Natural 
Resources Canada, 2011.) 


THERMOMETER — A device for the measurement of 
kinetic temperature. 


THERMOPLASTIC, THERMOPLASTIC RESIN and 
THERMOSETTING PLASTIC — See plastic. 


THERMOSETTING RESIN — (Also thermoset) — A 
class of heat-resistant, polymeric materials that are 
made by mixing precursor chemicals and then allow- 
ing the mixture to cure or set by a chemical reaction, 
sometimes assisted by heat or pressure. The cured 
resin consists of cross-linked networks of polymers. 
They are usually insoluble and cannot be softened or 
melted by heat. Examples include epoxy resins and 
phenolic resins. 


In_pyrotechnics: In the mid-1950s, British chemist 
Ronald G. Hall (1920-2004) developed a range of 
pyrotechnic compositions based on thermosetting res- 
ins including phenol-formaldehyde, melamine-formal- 
dehyde and urea-formaldehyde (US Patent 2,841,481). 
The resin, which served as both fuel and binder, was 
added to the mixture in its commercially-available 
form, which consists of partially polymerized syrup. 
The dough-like composition was then cast or extruded 
into cases as required for the specific application. Af- 
ter some time, the composition hardened into a 
strong, solid mass by cross-linking polymerization 
reactions, which were brought about by an acidic cat- 
alyst such as urea nitrate or ammonium perchlorate 
included in the composition. 


The advantages of these compositions are that they 
set hard and cannot be shaken loose from finished 
items during handling, the requirements for a strong 
case are reduced, and the pre-polymerized composi- 
tions (apart from colored smokes) are very difficult to 
ignite and very insensitive compared to conventional 
compositions, thus making them safer to process. 
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From the late 1950s, pyrotechnic devices made with 
these compositions were produced commercially in 
Britain by Brock’s Crystal Palace Fireworks Limited, 
the assignee of Hall’s patent. 


Examples of compositions based on urea-formal- 
dehyde resin are presented below (Hall, 1958). For- 
mulation 1 is for green stars, 2 is for red smoke and 3 
is for a red cone fountain. 


Formulation —| Parts by Weight 
Ingredient | 


a) As syrup containing 72% total solids. 


Examples of compositions based on phenol-formal- 
dehyde resin are presented below (Hall, 1958). For- 
mulation 4 is for firework rockets, formulation 5 is for 
tourbillions, and formulation 6 is for load-carrying 
rockets. 


Formulation —| Parts by Weight 
Ingredient | (6) 


a) As syrup, Catalin 674/2B. 


An example of a red star formulation 7, based on 
melamine-formaldehyde resin, is presented below 
(Hall, 1958). 


Formulation —} Parts by Weight 
Ingredient | 


a) As syrup, not otherwise specified. 
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THERMOTUBE — See Lightning Thermo Tube™, 


THIRD LAW OF THERMODYNAMICS — See thermo- 
dynamics. 


THIXOTROPIC — Certain materials and compositions 
that exhibit a reduction of their apparent viscosity over 
time when subject to sheering forces such as stirring 
or shaking. If left undisturbed, over time, these mate- 
rials will return to the former high viscosity state. 


In pyrotechnics: Some binder solutions tend to have 
thixotropic characteristics, which provide them with 
the ability to hold the components of a pyrotechnic 
mixture in suspension for a relatively long period of 
time. This is particularly useful when slurry priming or 
making black match. One binder with substantial thix- 
otropic properties is sodium carboxymethyl-cellulose. 


THRESHOLD LIMIT VALUE — (Abbreviated TLV™) = 
See toxicology regulatory term. 


THROAT (rocketry) — The region of maximum con- 
striction in a rocket nozzle. It is in the throat of a 
nozzle that the shock is created during critical flow. 


THROUGH THE WALL (rocketry) — (Abbreviated 
TTW) — An amateur rocketry fin-attachment tech- 
nique that provides greater strength than the typical 
surface-mount fin usually used in model rocketry. In 
this attachment technique, slots are cut in the body 
tube where the fins mount, and the fins are built with 
extended tabs on the root edge that fit through these 
slots. In a weaker type of TTW construction, the tabs 
are short and just provide a surface to build up epoxy 
fillets on the inside and outside. In a stronger version 
of TTW, the tabs reach all the way to the motor 
mount tube where they are glued forming a very rigid 
box structure. 


THROW DOWN or THROW DOWN BOMB (fireworks) _ 
See torpedo, firework; toy cap bomb (historical), 
cracker ball and snapper. 


THRUST -— See thrust, rocket. 


THRUST AUGMENTER — A device for increasing the 
effective thrust of a rocket motor by imparting a por- 
tion of the momentum of the rocket motor’s exhaust 
jet to the surrounding fluid. Also, any device used to 
increase the thrust of a rocket or aircraft beyond its 
original design parameters. 


THRUST CHAMBER — See rocket combustion chamber. 
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THRUST COEFFICIENT — A dimensionless measure of 


the efficiency with which energy is converted into 
thrust by the nozzle of a rocket motor or engine: 


P=C, PA, 


Here, F is the rocket’s thrust, Cy is the thrust coeffi- 
cient, P. is rocket motor chamber pressure, and 4; is 
the area of the nozzle’s throat. This same relationship 
(above) is used to determine actual thrust coeffi- 
cients: 

F 


C,=—— 
: ad, 


A nozzle with an internal converging region, but no 
external diverging cone, would have a theoretical 
thrust coefficient determined by: 


Here, y is the heat capacity ratio of the exhaust, P, is 
the ambient pressure, and P. is the chamber pressure. 


The inclusion of an expanding section of the nozzle 
increases the theoretical thrust coefficient: 


Here, Pe is the nozzle exit pressure, and A, is the exit 
area of the nozzle. 


Thrust coefficients are dependent on altitude because 
of the varying atmospheric pressure (P.). In effect, 
the atmosphere pushes back across the area of the 
nozzle exit. In an ideally expanded nozzle, the ex- 
haust pressure would be equal to the atmospheric 
pressure exactly canceling this force. Such a nozzle 
would only be ideally expanded for one ambient 
pressure (1.e., one altitude). 


THRUST CURVE -— See thrust profile. 


THRUST EQUATION — See thrust, rocket. 
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THRUSTER, SIDE — See rocket type by function. 


THRUST MODULATION — The controlled variation of 
thrust with time. When a nozzle throat area is altered 
mechanically, the thrust (F’) is altered with time ac- 
cording to the relationship: 


F=C,-P-A 


Here, Cy is the thrust coefficient, P. is the chamber 
pressure, and 4; is the cross-sectional area of the noz- 
zle’s throat. A typical mechanical tool to alter the 
nozzle throat area is the insertion of a pintle into the 
throat and moving the pintle back and forth along the 
direction of the gas flow. 


THRUST PROFILE — (Also thrust curve or thrust trace) — 
The graph of the thrust produced by a rocket motor as 
a function of time. The 
area under the curve is 
the total impulse for the 
rocket motor. An ideal- 
ized thrust profile for a 
core-end burning pro- 
pellant grain is illustrat- 
ed at the right. 


Transition to 
End Burn 


Thrust 


Time 


The various propellant grain geometries have charac- 
teristic thrust profiles, all of which demonstrate tail- 
off and some of which have ignition spikes. 


THRUST, ROCKET — Thrust is an example of a New- 
tonian reaction force (F'), which may be defined as 
being composed of the sum of momentum thrust (the 
first set of terms below) plus pressure thrust (the sec- 
ond set of terms): 


F=(rnev)+(P-P)A 


Here, m (m-dot) is the mass flow rate (dm/d?) of the 
working fluid (i.e., propellant combustion products) 
through the nozzle, ve is the exhaust velocity of the 
working fluid, P. is the nozzle exit pressure (abso- 
lute), P, is the local atmospheric pressure, and A, is 
the nozzle exit area. In general terms for a well- 
expanded nozzle and a given mass flow rate, thrust will 
be greater with greater working fluid exit velocities. 


To calculate thrust in English engineering units using 
the above equation, replace mass flow rate (7 ) with 
w/ g, where W is weight flow rate (in pounds-force 


per second), g is the acceleration due to gravity (32.2 
feet per second) and then use consistent English units 
for the other variables. 
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Assuming the heat capacity ratio (y) is reasonably 
constant through the expansion process, the momen- 
tum thrust term in the above thrust equation can be 
expressed in somewhat more readily measurable 
quantities: 


2 _ = 

: -1 P\r 
Fen ea ae ae | ee al 
Pal Neel A 


Here, A; is the nozzle throat area, P. is combustion 
chamber pressure and y is the heat capacity ratio of 
the combustion products. When this expression is 
substituted for momentum thrust in the above equa- 
tion, the result may be referred to as the ideal thrust 
equation or the ideal gas thrust equation. 


The concept of a thrust coefficient (C;), coupled with 
an assumption of a fully expanded nozzle (i.e., Pe = 
P,), can provide a great simplification to the thrust 
equation: 


F=C,:4-P. 


THRUST STABILIZATION (rocketry) — See rocket flight 


stabilization method. 


THRUST-STABILIZED ROCKET — A rocket of any con- 


figuration that relies primarily on thrust stabilization 
(i.e., thrust vectoring) to regulate or control its flight 
trajectory. (See rocket flight stabilization method.) 


THRUST-TO-WEIGHT RATIO — The quantity used to 


evaluate rocket engine performance. 


In_a liquid propellant engine: The thrust-to-weight ra- 
tio is obtained by dividing the thrust output by the 


engine weight (minus the fuel component). If the 
pound is used as the unit of weight, the result is 
pounds of thrust per pound of engine weight. 


In_a solid propellant motor: The thrust-to-weight ratio 
often refers to the motor’s thrust divided by the 
weight of the motor including its propellant. It may 
also refer to the motor’s thrust divided by the total 
weight of the rocket. 


THRUST TRACE — See thrust profile. 


THRUST VECTOR CONTROL (Abbreviated TVC) and 


THRUST VECTORING — An attitude control for rock- 
ets where one or more rocket motors are mounted 
such that they can change the direction of the thrust 
in relation to the center of gravity of the vehicle, 
which produces a turning force. This turning force 
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can be used either to stabilize the flight direction or 
to steer the rocket on a new course. Thrust vectoring 
is one of the various rocket flight stabilization methods. 


THUNDER -— See aerial shell name and description 
(specific) (thunder shell). 


THUNDERBOLT SHELL (fireworks) — A large caliber 
aerial shell containing a very large number of small 
(presumably stickless) rockets. 


THUNDERFLASH — A generic term for a firework re- 
port producing a flash of light (1.e., a salute.) It can 
also refer specifically to an English-style banger 
firework charged with flash powder and intended 
primarily for use in military training exercises. 


THUNDERSTORM -— See electric storm (meteorologi- 
cal). 


THUNDERSTORM (fireworks) — See aerial shell name 
and description (specific) (thunder shell). 


Ti-— Chemical symbol for the element titanium. 


TIER — A layer of something or an arrangement of layers 
one above the other (1.e., tiered). 


In fireworks: Tier is sometimes used to describe an 
aerial effect that results when a collection of differ- 
ent-size aerial shells fire and simultaneously appear 
in two or more distinct layers (i.e., elevations) in the 
sky. The separation in elevation is a natural result of 
the differing aerial shell burst height as a function of 
shell size, but for the bursts to occur simultaneously, 
the larger shells must be fired shortly before the 
smaller shells to allow for the different pre-fire times. 


If the firing is carefully timed, it is possible to pro- 
duce as many as six distinct layers (i.e., tiers) of aerial 
shell breaks, which are more clearly perceived if the 
different size shell bursts are of contrasting colors. 
For example, a display’s finale might be concluded 
with a three-tiered effect of red, white and blue. 


TIGER-TAIL COMET — See comet type (ball comet). 


TIGERTAIL™ IGNITER — A rocket motor igniter that 
consists of two thin copper foil leads separated by a 
thin-plastic insulator (apparently polyethylene), with 
the electrically conductive pyrolant coating its tip, as 
illustrated below in cross section. Essentially it is a 
mini Copperhead™ (see electric igniter (rocketry)). 
Apparently, the igniter’s name is based on its orange 
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and black striped tape strip that allows the igniter to 
be used with an ordinary alligator-clip ignition system. 


Conductive Pyrotechnic Composition 
Polyethylene Substrate 


Copper Foil Cladding 
(Leg Wires) 


TIGER-TAIL SHELL (fireworks) — A type of spherical 
display shell in which the entire exterior of the shell 
is coated with a thick layer of comet composition. 
The construction of one type of tiger-tail shell is il- 
lustrated below in cross section. 


Safety Cap eee 


Shell Leader Fuse 
(Quick Match) 


String Tie ——+gp> 


” . ai 
Tiger-Tail TRI 


As a result of the extra-large burning surface area of 
the coating of comet composition, tiger-tail shells 
produce especially thick, broad, dense spark trails as 
they ascend. 


The contents of the internal aerial shell may not be a 
star shell as illustrated above but may be almost any 
type of spherical shell. For example, the 3-inch (75- 
mm) silver tiger-tail shell shown below has a salute 
as the interior shell. Another variation in the con- 
struction may be the shell’s fusing. Smaller tiger-tail 
shells may not have the shell’s time fuse exposed 
through the comet composition. In that case, the layer 
of comet composition plays an important role in the 
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timing of the shell break and can introduce reliability 
problems as well. 


Manufacturers will sometimes attach one or more ra- 
ther large comets to a shell and describe it as being a 
tiger-tail shell. While the visual effect produced is 
similar to that of a tiger-tail shell, such a shell is not a 
true tiger-tail shell. Also, some devices have been 
made with a full covering of comet composition over 
a large inert core instead of over an aerial shell. 
While commonly described as tiger-tail ‘shells’, they 
would more properly be described as tiger-tail or ball 
‘comets’ (see_comet type). There is also a potentially 
serious safety problem with these devices, because 
the inert cores fall back to the ground with potential 
for producing impact injuries or other damage. 


TIKI TORCH — A small torch, often burning a flam- 
mable liquid from a wick. It is also common to use 
gaseous propane as the fuel, in professional flame ef- 
fects. A version of such a Tiki torch is shown below. 


Photo Credit: Rick Fleming, Sigma Services 


With the proper choice of liquid fuel, with an added 
colorant, a Tiki torch can be made to burn with col- 
ored flames, as shown below. 
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Photo Credit: Rick Fleming, Sigma Services 


The liquid fuel used for these effects is a mixture of 
low molecular weight alcohols and glycols with a 
flash point of approximately 50 °F (10 °C). For the 
most part, the flame color-agents are atomic emitters 
such as lithium and sodium compounds (producing 
red and yellow colored flame). Green flames are typ- 
ically made with a boron compound as the color- 
agent (to produce boron dioxide [BO] as the emitting 
molecule). Blue flames are usually made by including 
copper compounds in combination with a chlorine 
donor to ensure that copper monochloride [CuCl’] is 
produced in the flame. (See colored-flame chemistry.) 


TIME CODE — A digital method of defining the pas- 


sage of time from a starting event. This ability is im- 
portant when it is necessary to coordinate subsequent 
events and actions precisely and reproducibly. Time 
codes are used in the precise computerized discharge 
of firework displays that are choreographed to a 
soundtrack, typically music. SMPTE (Society of Mo- 
tion Picture and Television Engineers), FSK (Fre- 
quency Shift Key) and MIDI (Musical Instrument 
Digital Interface) are time codes commonly used in 
performing firework displays that are tightly choreo- 
graphed to prerecorded music. 


TIME DELAY — The time interval between initiation of a 


device and its operating. This is most often accom- 
plished by using a delay composition or delay element. 


TIMED REPORT SHELL — A type of a shell of shells 


(typically described as an artillery shell) containing 
reports (i.e., salutes) that are fused so that their ex- 
plosions are evenly spaced. Often there is an excep- 
tion for the last report in the series, which may be de- 
layed a second or two when compared with the oth- 
ers; when the latter is the case, the last salute is usual- 
ly significantly more powerful than those preceding 
it. The difference between a timed report shell and a 
‘Battle in the Clouds’ type of aerial shell is that in the 
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timed report shell there are carefully chosen times be- 
tween the reports. 


TIMED SHOTS — See shot (fireworks). 


TIME FUSE (fireworks) — (Also timing fuse) — Any of 
several devices or arrangements used to provide a 
relatively precise time delay between two stages in 
the operation of a firework. Examples can range from 
the simple piece of fuse that provides the delay be- 
tween the ignition of a firecracker and its explosion 
to the arrangements used to provide the time delay 
between the firing of an aerial display shell from a 
mortar and its bursting high in the air. 


In aerial shells: A time fuse may be placed either at 
the top of an aerial shell (.e., facing the mouth of the 
mortar) or at the bottom of the shell (i.e., facing the 
base of the mortar). In a bottom-fused shell, the time 
fuse is ignited by the burning lift charge. In a top- 
fused aerial shell, the time fuse is typically ignited by 
the burning of the shell leader. A piece of quick 
match, sometimes described as a passfire, is fixed to 
the top of the time fuse next to the shell leader and 
extends down the side of the shell to carry fire to the 
lift charge. Alternatively, if such a shell is ignited by 
means of an electric match inserted in the lift charge, 
the passfire carries fire from the lift charge to the top 
of the time fuse. 


The time fuse provides the time delay necessary for 
the shell to coast upward to its intended burst alti- 
tude. When the time fuse burns through to the interior 
of the shell, it ignites the break charge, which ex- 
plodes the shell casing. Approximate delay times 
provided by the time fuse (also described as pre-fire 
times) for typical aerial shells are presented below. 


Shell Size Typical 
(in.) | (mm) | Pre-fire Time (s) 


The time fuse traditionally used in European-style 
aerial shells is the spolette, also described as a 
rammed fuse or Roman fuse. It is composed of Black 
Powder (commonly commercial meal powder) 
rammed tightly into a strong, relatively small- diame- 
ter tube, shown below in longitudinal cross section. 
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Spolette fusing is most common on traditional Italian- 
style cylindrical shells. Top fusing is preferred, espe- 
cially on large caliber and multibreak aerial shells, as 
it eliminates the possibility of the powder core of the 
fuse blowing though from the high pressure produced 
by the burning lift charge as the shell is fired. 


In the late 20" century, many aerial shells made in 
China were provided with time fuses made from tra- 
ditional Chinese tissue-paper fuse. An example is 
shown below; it is a 5-inch (125-mm) shell made in 
about 1985. 


NN 
The time fuse consisted of a collection of Chinese tis- 
sue-paper fuses braided together and tightly wrapped 
in paper from just above the point where it passed in- 
to the shell. This type of fuse, although reliably ignit- 
ed by a lift charge and fiercely burning, was not es- 
pecially precise in the delay time achieved, was not 
moisture resistant and was easily damaged. 


A different type of time fuse was traditionally used in 
Japanese aerial shells. It too was made by hand, start- 
ing with a piece of powder-pasted paper. This was 
coated with an additional layer of lightly-moistened 
Black Powder and then rolled onto a smooth, thin 
bamboo stick. A layer of thin, Japanese Kozo paper 
was then wound over this, so that the powder-pasted 
paper and the bamboo stick became the core of a pa- 
per rod. The bamboo stick was then removed. The 
paper rod was placed on a hard, smooth surface and 
rolled under a wooden board with heavy hand pres- 
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sure, for approximately 100 passes, to consolidate to 
powder core. A second layer of paper was then rolled 
on and the fuse-rod was set aside to dry before being 
cut to appropriate lengths to provide the desired delay 
times. This fuse was approximately 0.26 inches (6.5 
mm) in diameter, with a core of powder-pasted paper 
approximately 0.14 inches (3.5 mm). This type of 
fuse was easily ignited and provided a strong burst of 
flame to ignite the break charge of a shell, but (as in- 
dicated above) its burn rate was relatively slow and 
somewhat variable. Its major disadvantage was the 
time and skill required for its manufacture. 


The shortcomings of traditional Oriental time fuses 
led to their being largely replaced by time fuses made 
from precision-cut lengths of industrially-produced 
fuse, similar to the Bickford fuse manufactured for 
commercial blasting. Ordinary Bickford fuse has 
been used to make precision time fuses for aerial 
shells and other fireworks; in the late 1980s, the pre- 
cision timing required in Pyrolumikinetics was 
achieved in this way. 


More recently, fuse of this general type, but specifi- 
cally manufactured for use as time fuse for fireworks, 
has become available. This fuse typically has a paper- 
and-thread outer covering, which provides a surface 
that readily adheres to glue or paste, which greatly 
facilitates the necessary sealing of a time fuse as it 
penetrates a shell casing. The fuse has a rather thin 
intermediate asphalt layer (for moisture protection), 
and it has a relatively thick powder core. This is in 
contrast with typical modern blasting safety fuse, 
which has a waxy or plastic outer covering (to 
achieve a watertight seal when crimped into a fuse 
detonator), a comparatively thick asphalt layer (for a 
high level of moisture protection) and a comparative- 
ly thin powder core. For these reasons, fuse purpose- 
made for fireworks is greatly preferable to blasting 
safety fuse in this application. 


A coil of high-quality Japanese-made time fuse in- 
tended for use in fireworks is shown below. This fuse 
is approximately 4 inch (6.25 mm) in diameter. 
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The internal construction of a typical Bickford-style 
firework time fuse is illustrated below. 


Powder Core Thread 
Paper Wrap 
Asphalt Layer 


esoocoocooe 


Inner Thread Bundle 
Powder Core 


Outer Thread Wrap 


A transverse, cross sectional view of a firework time 
fuse (of Chinese origin) with its various constituents 
identified is shown below. 


Outer Thread Asphalt Layer 


Wrap Paper Wraps 


Powder Core 
Thread 


Powder Inner Thread 
Core Bundle 


The fuse powder in such a time fuse typically is quite 
fine, with 100% (by weight) passing a 100-mesh 
sieve. Presented below are the approximate mesh 
fractions of the fuse powder from a commonly used 
time fuse (from Japan, number 4 in the photo below). 


Mesh Fraction | Percent by Weight 


Some examples of firework time fuse are shown be- 
low, where 1 is of French origin, 2 and 3 are Chinese, 
4 is from Japan and 5 is from the US (but is no longer 
being produced). Various time fuses burn at some- 
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what different speeds, but normally at approximately 
0.33 inch per second (8 mm/s). 


(bed 
ses 


X | 


To improve the reliability of the fusing of an aerial 
shell (i.e., to reduce the chance of a shell being a 
dud), it is important to cross match or heavily prime 
both the external and internal ends of the time fuse. 
Today, to further improve the reliability of the fusing, 
it is common to use a pair of time fuses on an aerial 
shell, even with shells of relatively small caliber. An 
example of such redundant fusing with cross match- 
ing is shown below. 


A recent development, which replaces traditional 
time fuses in aerial shells, are miniature electronic 
timing units that provide highly precise delays be- 
tween the ignition of the shell’s lift charge and the 
firing of its break charge. An example, shown below, 
is the Magicfire™ igniter. The electronic timing unit 
(A), upon receipt of the firing signal via its leg wires 
(B), immediately ignites the lift charge with one elec- 
tric match (C) and then, after a precisely-controlled 
time interval (4.00 seconds), ignites the shell’s break 
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TIME OF FLIGHT — (Abbreviated TOF) — For a dud or 


test aerial shell, the time of flight is the interval be- 
tween when the shell leaves the mortar and when it 
falls to the ground. The results from measuring the 
times of flight of a range of different aerial shells un- 
der various conditions can be used as one test to con- 
firm ballistic computer modeling results. 


Time of flight is also the time necessary for a bullet 
or artillery shell to travel from the muzzle of a gun to 
a given range. 


TIME-WEIGHTED AVERAGE (industrial hygiene) — 


See toxicology regulatory term (permissible exposure 
limit). 


TIMING BAR - A timing bar is a type of chain-fusing 


device by which a series of ignitions are accom- 
plished in a predetermined time sequence. It consists 
ofa length of relatively slow-burning pyrotechnic fuse 
that has attached to it a series of other fuses leading 
to shells or other pyrotechnic devices to be ignited. 
An example of one such timing bar is shown below. 


Photo credit: Steve Shriber 


The device is usually mounted on a strip of wood (1, 
shown above) or metal. Commonly, a length of Bick- 
ford-style time fuse (2, wrapped in black plastic tape) 
is used to provide the time delay. This is accom- 
plished either by punching a series of holes through 
the fuse, or carefully notching the fuse with a very 
sharp knife. Thus, allowing for the cross-matching of 
the time fuse and reliable ignition of the secondary 
fuses (3, short lengths of red quick match). The pre- 
assembled timing bar is then used by attaching the 
primary ignition fusing (4) and the fusing leading to 
the individual shells or other devices (5). Given the 
burn rate of typical time fuse and the spacing of the 
attachment of the secondary fusing, the nine attached 
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devices should fire with approximately 2 second delays 
between them. 


A somewhat similar method of chain fusing, which 
can be assembled at the display site, is the Pyro- 
Clock™system. An example of individual delay links 
of various times, and an assembled system are shown 
below. 
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TIMING FUSE — See time fuse. 


TIP-OFF — The redirection of the flight of a rocket at 
the point of its staging, or when leaving the launch 
rod or tower. The redirection may be substantial, 
even resulting in a horizontal or near horizontal tra- 
jectory. Tip-off is usually caused by a strong wind or 
other forces acting on the rocket that are adequate to 
overcome the rockets ability to maintain its intended 
flight path. Highly powered rockets (relative to their 
weight) may actually bend the launch rod producing 
a form of tip-off or rod-whip during launch. 


TIR — See Maltese firework term. 


TIRE BOMB or TIRE BLOWOUT SIMULATOR (fire- 
works) — See auto-tire joker. 


TIRE PATCH, PYROTECHNIC — (Also heat vulcaniz- 
ing patch or vulcanizer patch) — A pyrotechnic device 
formerly used to repair punctured inner tubes of au- 
tomobile and bicycle tires. 


The pyrotechnic tire patch depends on the fact that a 
mixture of gum rubber (i.e., uncured natural rubber), 
fillers and sulfur changes from a rather soft, sticky 
material into strong, flexible cured rubber when sub- 
jected to heat and pressure. This process, subsequently 
described as vulcanization, was invented and patented 
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in 1844 (US 3,633) by Charles Goodyear (1800-1860). 
Vulcanization, which is essentially the cross-linking 
of polyisoprene chains, is the basis of the modern 
rubber industry. The pyrotechnic tire patch uses pyro- 
technically-generated heat to vulcanize a patch of un- 
cured rubber compound that has been tightly clamped 
over a damaged portion of a rubber item, typically 
the punctured inner tube of a tire. The newly- 
vulcanized patch bonds strongly to the old rubber, 
thus repairing the damage. 


Pyrotechnic tire patches were evidently invented by an 
American, Arthur Low, who was awarded a patent in 
1915 (US 1,163,629) for a portable kit for applying a 
patch to the inner tube of pneumatic tires or to other 
similar articles that could be repaired by vulcanizing a 
patch onto them. The device consisted of a small, shal- 
low pan made of tinplate or some other inexpensive 
sheet metal. On the flat side of the pan was a patch 
made of unvulcanized gum rubber, while the recessed 
side contained combustible material of adequate heat- 
ing capacity to vulcanize the gum rubber patch. Fol- 
lowing are three drawings derived from Low’s patent. 


Figure 2 illustrates the outside of the pan with the 
vulcanizable patch adhering to it. Figure 5 illustrates 
the other side of the pan that will be filled with a disk 
of the combustible composition. Figure 7 illustrates 
the metal clamp used with the device to hold the 
patch assembly in place on the item being repaired. 


In a subsequent patent in 1918 (US 1,252,909), Low 
disclosed that the preferred combustible heating com- 
position was made from porous cardboard disks that 
had been immersed for about 5 minutes in a solution 
of potassium nitrate and sugar. The solution was 
formed by dissolving 4 pounds (1.8 kg) each of po- 
tassium nitrate and sugar in 3.5 quarts (3.3 L) of wa- 
ter. After drying, a disk was fixed into the recessed 
side of the pan, making the device ready for use. 


To apply a patch, the device was clamped tightly 
against the item to be repaired so that the gum rubber 
patch was positioned over the damaged area, which 
had previously been cleaned and roughened with a 
coarse rasp or other suitable device. (A crude rasp 
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made of sheet metal was often supplied in the patch 
kit.) The combustible material was then ignited, 
whereupon it burned with no flame and few sparks, 
but with much smoke. Some manufacturers recom- 
mended that the operator should blow air onto the 
smoldering residue remaining at the end of the initial 
combustion to provide extra heat to complete the vul- 
canization process. The assembly was then allowed 
to cool for several minutes, and the clamp was re- 
moved. The pan was then peeled away from the rub- 
ber patch, which by this stage was firmly united to 
the repaired item, and the spent pan was discarded. The 
basic process is shown in the series of images below. 


In the upper image, a patch unit has been clamped in 
position over a puncture in an automobile inner tube, 
using the special clamp. In the middle image, the 
heat-generating composition is burning, generating 
foul-smelling smoke. In the lower image, the finished 
(i.e., vulcanized) patch is shown after removal of the 
clamp and pan. 
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Pyrotechnic tire patches were commonly available in 
a range of sizes to suit automobile and bicycle tires. 
They were widely used until the last quarter of the 
20" century, when they disappeared from the market. 
Reportedly, this was because of concerns about the 
possible health hazards associated with the smoke 
generated during the combustion process. A pyro- 
technic tire repair patch kit sold in Australia ca. 1970 
is shown below (right). 


The outside of a patch unit’s pan with the gum rubber 
patch attached (is shown above, upper left, and is 
analogous to Figure 2 in Low’s patent). The patch is 
covered by a removable plastic film, which protects it 
from dirt. Below that the inside of a patch unit pan is 
shown (analogous to Figure 5 in Low’s patent), with 
the pyrotechnic composition filling the tinplate pan. A 
patch unit with the protective film partly removed to 
reveal the black uncured rubber patch is shown below. 


TI SALUTE — Abbreviation for titanium salute 
TISSUE-PAPER FUSE — See Chinese tissue-paper fuse. 
TITANIA — See titanium(IV) oxide. 

TITANIC CHLORIDE — See titanium(IV) chloride. 


TITANIUM — [Ti] — {CAS 7440-32-6}. 


Titanium is useful as an energetic fuel and pyrotech- 
nic spark producer. It is a metallic chemical element, 
atomic number 22. Titanium is a steel-gray, metallic 
solid or a metallic to dark-gray powder, depending on 
its particle size. 
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Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV: none established. 


UN hazard classification: PSN: titanium sponge, pow- 
der (or granules); HC: 4.1 — flammable solid 
(UN2878). Alternatively, if a dry-fine powder, PSN: 
titanium powder, dry; HC: 4.2 — spontaneously com- 
bustible (UN2546). 


Pyrotechnic uses: Various titanium particle types are 
used in pyrotechnic compositions. The metal is quite 
stable with respect to water and other chemicals used 
in pyrotechnics. It is also extremely hard, which in- 
creases the friction sensitiveness of a pyrotechnic 
composition containing titanium particles. When 
heated to high temperature, titanium particles burn in 
air to produce yellowish-white sparks. 


In fireworks: Titanium is commonly used as a white 
spark producer, often in salutes (see flash powder 
type) and whistles. It is also used as a spark producer 
in star, fountain and gerb compositions. 


Almost universally, the titantum used in fireworks is 
either off-specification metal (e.g., with too much dis- 
solved nitrogen or oxygen for use in aerospace appli- 
cations), or it is scrap material, often from the ma- 
chining of parts for aerospace applications. Such ma- 
chining scrap often is not chemically pure titanium but 
rather a titanium alloy containing other elements in 
small quantity (e.g.,6% aluminum and 4% vanadium). 
These aerospace alloys seem to perform in an identi- 
cal manner to unalloyed titanium in pyrotechnics. 


Ferrotitanium alloys containing 20 to 50% iron are 
also used in firework compositions to produce straw- 
colored sparks. 


The word ‘titanium’ is often used as an adjective to 
describe pyrotechnic devices that produce sparks 
from titanium particles in their composition. Examples 
of this usage include titanium salute, titanium gerb, 
titanium star, titanium spray and titanium whistle. 


In military pyrotechnics: Fine-grained titanium is some- 
times used as an energetic fuel in first-fire mixtures 
for incendiary munitions and in delay compositions. 
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TITANIUM(IV) CHLORIDE — [TiCl4] — {CAS 7550-45- 


0} — (Also titanium tetrachloride or titanic chloride). 


Titanium(IV) chloride is used for the manufacture of 
titanium sponge (see titanium particle type). It is also 
used in some special effects to produce white smoke 
and to simulate the production of steam. Similarly, it 
has occasionally been used as a source of tracking 
smoke for amateur rockets, and it was used during 
World War II as a screening smoke dispersed from 
aircraft and ships. 


Titanium(IV) chloride is a colorless to yellowish liq- 
uid with a penetrating, highly irritating odor. It fumes 
strongly when exposed to moist air to form a dense, 
persistent white cloud. 


Characteristic (a) 


a) Code for reference source, see preface. 
Health information: WEEL-TWA: 0.5 mg/m’, 


UN hazard classification: PSN: titanium tetrachloride; 
HC: 8 — corrosive; 6.1 — poison inhalation hazard 
(UN1838). 


Chemical properties: The reaction producing white 
smoke, titanium(IV) oxide [TiO2], occurs spontane- 
ously on exposure to moist air: 


TiClyy) + 2 H20¢¢) > TiO2,¢s) + 4 HCl) 


Unfortunately, one of the products of the reaction is 
hydrogen chloride [HCl)], which further reacts with 
moisture in the air to produce dispersed hydrochloric 
acid [HCl(aq)] droplets. 


TITANIUM DIOXIDE — See fitanium(IV) oxide. 


TITANIUM METAL, SPOT TEST FOR - See spot test 


(titanium metal). 


TITANIUM(IV) OXIDE — [TiO2] — {CAS 1317-80-2} — 


(Also titanium dioxide, titania or titanium white; the 
minerals rutile, anatase or brookite). 


Titanium(IV) oxide is the product of the combustion 
of titanium. It is a white or yellowish-white powder 
that turns yellow and then brown when sufficiently 
heated. It becomes white again when cold. 
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(d) = decomposes. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 10 mg/m’; it is IARC- 
2B: possibly carcinogenic to humans by inhalation. 
NIOSH has set a 2.4 mg/m? for respirable particles 
and 0.3 mg/m? for nanoparticles. TiO. is commonly 
available in nanoparticle size, and there is no respira- 
tor that will be completely effective for this material. 


TITANIUM PARTICLE TYPE — Three common titanium 
metal particle types are used in pyrotechnics: sponge, 
atomized and flake. 


sponge titanium — (Also titanium sponge) — Sponge 
titanium is produced in the primary manufacturing 
process for titantum metal. In this process, titani- 
um(IV) chloride [TiCl4], a liquid, reacts with magne- 
sium metal to produce titanium metal and magnesium 
chloride [MgCl]: 


TiC, + 2Mg > Ti + 2 MgCl 


The titanium metal resulting from this process is es- 
pecially porous and takes on an appearance some- 
what reminiscent of a sponge (the marine animal). 


Large chunks of sponge titanium can be melted to pro- 
duce solid metal ingots, or it can be ground into small- 
er particle-size material for other applications such as 
in pyrotechnics (where it may be described as crushed 
sponge). Even very small particles retain the sponge- 
like appearance, with many surface irregularities and 
voids. The two electron micrographs below (at two 
magnifications) show the structure of sponge titanium. 


Page 1254 


The many surface irregularities and void spaces of ti- 
tanium sponge provide it with enhanced pyrotechnic 
reactivity in comparison with solid particles of the 
same size. 


atomized titanium — Once sponge titanium has been 
melted, it can be atomized by spraying it into an inert 
atmosphere. The tiny droplets of titanium are drawn 
into nearly perfect spheres by surface tension before 
they solidify. The electron micrograph below shows an 
example of atomized titanium powder. (The slight dif- 
ference in particle lightness is an artifact of electron 
microscopy.) 


Once ignited, atomized titanium performs relatively 
well as a pyrotechnic spark producer, but its smooth, 
rounded solid surface causes it to be much more dif- 
ficult to ignite than sponge titanium. This is especial- 
ly the case when the pyrolant composition produces 
little dross upon burning. 


flake titanium — The source of flake titanium metal 
is almost universally from scrap material produced by 
machining parts for other applications. Usually, this 
material is an aerospace alloy of titanium that also 
contains small amounts of aluminum and vanadium. 
Often this scrap material will be cleaned and ham- 
mer-milled into smaller flakes, as shown below. 
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In the higher magnification electron micrograph of 
flake titanium (below), tool marks from machining 
the titanium are visible. 


Flake titanium alloy is relatively inexpensive and per- 
forms well as a spark-producing material in fire- 
works. It can be difficult to sieve to a desired size. 


TITANIUM RING — A sphere of white sparks in the sky 
produced by including granules of titanium in the ex- 
plosive powder of a salute shell or shot. 


The titanium used for this purpose 1s typically titanium 
sponge, as it is more easily ignited than other forms 
of titanium. If the titanium has a range of particle siz- 
es and is mixed somewhat uniformly with the salute 
powder, the effect will be the commonly-observed 
filled sphere of sparks. If the titanium is sieved so 
that all the particles are of approximately the same 
size and especially if the salute is constructed in such 
a manner that the titanium is concentrated against the 
inner walls of the salute casing, a mostly symmetrical 
hollow sphere of sparks can be produced. 


TITANIUM SALUTE — See salute and salute powder. 
TITANIUM SPARKLER — See sparkler. 
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TITANIUM SPONGE — See fitanium particle type 
(sponge titanium). 


TITANIUM TETRACHLORIDE — See titanium(IV) chlo- 
ride. 


TITANIUM WHISTLE — See whistle. 
TITANIUM WHITE — See titanium(IV) chloride. 


TLV™ — Abbreviation for threshold limit value. See 
toxicology regulatory term (threshold limit value). 


TMD — Abbreviation for theoretical maximum density. 
See density. 


TMETN — Abbreviation for trimethylolethane trinitrate. 
TNB — Abbreviation for trinitro-benzene. 
TNC — Abbreviation for tetranitro-carbazole. 


TNO — An abbreviation for the Netherlands Organiza- 
tion for Applied Research. 


TNP — Abbreviation for 2,4,6-trinitro-phenol. 

TNT — Abbreviation for trinitro-toluene. 

TNT EQUIVALENCE - See high-explosive equivalence. 
TOF — Abbreviation for time of flight. 


TOLERANCE -— The allowable variation in a measure- 
ment, within which the dimensions or performance of 
an item is judged to be acceptable. 


TOLUENE — [C7Hs] — {CAS 108-88-3} — (Also methyl 
benzene, toluol or phenylmethane). 


Toluene is a flammable solvent that is effective with 
many nonaqueous adhesives. It is also one of the few 
practical solvents for sulfur, though the solubility is 
rather low (1.7% at 25 °C). Toluene is a clear, color- 
less liquid with a benzene-like odor. It can be nitrated 
to produce the explosive TNT (i.e., trinitro-toluene). 


Structural formula: 
(see benzene ring) 
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Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV-TWA: 20 parts per million; 
IARC-3: unclassifiable as to carcinogenicity. 


UN_ hazard _ classification: PSN: toluene; HC: 3 — 
flammable liquid (UN1294). 


TOM THUMB CRACKER - A very small firecracker 
(approximately 3 mm in diameter and 22 mm long), 
like those known in the US as Lady Fingers. Tom 
Thumbs were very popular in Australia until the pro- 
hibition of firecrackers, which began in the late 1960s 
and gradually spread through all Australian jurisdic- 
tions. Typically, they were sold in strings of 40, in 
which groups of 5 red-wrapped crackers alternated 
with groups of 5 green-wrapped crackers. Though in- 
tended to be fired as a string, they were commonly 
separated by juvenile purchasers and fired individual- 
ly. The example shown on the sae from the Kwong 
Man Lung Firecracker 
Factory, Hong Kong, is 
typical of those sold in 
Australia in the 1950s. 
Tom Thumb crackers were 
charged with meal powder 
(See Black Powder grade), 
as required by Australian 
regulations at the time. 
(Crackers of identical ap- 
pearance, but charged with 
flash powder, were sold in 
some other countries.) 


TON — An English unit of weight (i.e., force). The short 
(or net) ton equals 2000 pounds avoirdupois, and the 
long (or metric) ton equals 2205 pounds avoirdupois. 
In modern usage, unless otherwise specified, the 
short ton is intended. (There also was the UK long 
ton that equals 2240 lb.) 
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Multiply @) To Obtain 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


TONITE — An explosive, consisting of a mixture of 

ground guncotton (see nitrocellulose) and barium ni- 
trate; in some mixtures, dinitro-benzene is also added. 
Tonite was formerly used in mining, in blasting and as 
a noisemaker in marine distress signals (see socket 
signal). 
Tonite was regarded as a particularly safe explosive; it 
was relatively insensitive to shock and friction. An- 
other advantage was that the products of combustion, 
unlike those of unmodified guncotton, were free from 
toxic and flammable carbon monoxide. This resulted 
from the oxygen balance provided by barium nitrate. 


TON, METRIC — (Also tonne) — A unit of mass, equal 
to one thousand kilograms. 


Multiply To Obtain 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


TOP DISK — (Also clos- 
ing disk, closure disk 
or sealing disk) — Typ- 
ically, a thick paper 
disk used on a pre- Top Disk 
loaded device (such as 
a small aerial shell, 
comet or mine) for the 
purpose of keeping the 
contents of the device 
in place during trans- Fuse —— 
portation and han- Lift Charge 
dling. An example of 
a top disk, as used in a 
preloaded firework mine, is included in the illustra- 
tion at the right in longitudinal cross section. 


Integral 
Mortar 


Stars 


Lift Disk 


Typically, the top disk remains in place because it is 
slightly larger in diameter than the inside diameter of 
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the mortar tube and must be forced into the mortar. It 
may also be secured in place with adhesive. In some 
cases, especially in proximate audience pyrotechnic 
devices, an end plug will be used in place of a top disk. 


Top disk may also describe the upper (i.e., top) end 
disk used for closure of a traditionally constructed cy- 
lindrical aerial shell. 


TOP-FUSED AERIAL SHELL — A device in which the 
time fuse is located on the top of the shell as it is po- 
sitioned in the mortar, and the time fuse is ignited by 
the shell leader. This location eliminates the exposure 
of the time fuse and its glue seal through the shell 
casing from the high-pressure lift gases produced up- 
on the shell’s firing. A passfire fuse is used to carry 
fire from the quick match shell leader to the lift 
charge under the shell, as illustrated below in longi- 
tudinal cross section. Often the passfire will be posi- 
tioned to make direct contact with the top of the time 
fuse, or its cross matching, to help ensure ignition of 
the time fuse. 


}{<—-._ Quick Match 
Time dif (Shell Leader) 


Passfire 
Fuse 


Dt} Stars & Break 
Charge 


Lift Charge 


Most large cylindrical shells and essentially all 
multibreak cylindrical shells are top fused. Top fus- 
ing, when a spolette fuse is used, is important to 
eliminate the possibility of fuse core blow-through 
from the high pressure of the burning Black Powder 
lift charge as the shell is fired. 


Top fusing is more labor intensive than is bottom fus- 
ing, and it is therefore only used when there is an im- 
portant safety or performance advantage. 

TORBILLION — See fourbillion. 

TORCH (consumer product) — See tiki torch. 

TORCH (fireworks) — Usually, a paper tube filled with 
a pyrotechnic composition and used for illumination 


in theatrical events and parades. Parade torches were 
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once popular firework devices and are often de- 
scribed in detail in older pyrotechnic literature, where 
they are sometimes described as celebration torches. 
Pyrotechnic torches have also been used for explora- 
tion in caves, for warning and for signaling. (See 
flare (noun) and illuminating torch.) 


TORCH (stage effect) — A device used to provide a 


continuous flame effect on the stage, on television or in 
motion pictures, and sometimes also for ceremonial 
purposes. Such devices are often used to simulate his- 
torical liquid or wax-fueled torches in stage or mo- 
tion-picture work. A gaseous fuel is commonly used 
because it is easier to ignite, control and extinguish a 
gas-fueled torch than one that uses a liquid fuel. 
Torches range widely in the size of their flame ef- 
fects. Two torch effects are shown below. The first is 
a pair of medium-size effects used on either side of 
the stage. 


oh it 


be 
if 


Photo Credit: Rick Fleming, Sigma Services 


The second effect is the very much larger Olympic 
Flame from the 2006 winter games (Torino, Italy). 


Photo Credit: Rick Fleming, Sigma Services 


hand-held torch — Two types of 
hand-held torches used in special ef- 
fects work are shown at the right. The 
unit on the left is fueled with butane 
and has a continuous, battery-pow- 
ered spark discharge igniter. As a 
safety feature, this torch has an au- 
tomatic shut-off that operates when 
the torch comes to an approximately 
horizontal orientation, such as would 
be the case if it were dropped by a 
performer. The torch on the right 
burns solid fuel pellets (the white 
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pellets shown near the top right of the picture), which 
are loaded into the screened top end of the torch. 
These pellets burn completely without melting and 
they leave no residue. 


When used on stage and in motion picture or televi- 
sion productions, these types of torches are easily 
camouflaged by building them into an appropriate 
covering. 


TORCH, OLYMPIC RELAY — A hand-held flame- 
bearing device carried by runners in the elaborate 
transnational relay ceremony that has, since 1936, 
traditionally preceded the Summer Olympic Games. 
Since 1952, a similar flame-carrying relay has also 
preceded the Winter Olympic Games. Since 1936, the 
flame carried in the Summer Games relay has been 
ignited at Olympia in Greece, using solar radiation 
focused by a parabolic mirror. Once lit, the flame is 
supposedly passed from one torch to another as a se- 
ries of runners carry it to the venue for the Games. 
There it is used as part of the Opening Ceremony to 
ignite a large gas-fired torch that burns for the dura- 
tion of the games. When geographical considerations 
demand that the flame be transported by air, it is 
transferred to a special lamp, designed on the princi- 
ple of the miners’ safety lamp invented in 1815 by 
Cornish chemist Humphry Davy (1778-1829). 


No details could be found of the torches used in the 
1936 relay, but photographs of the event indicate that 
at least some of the torches were pyrotechnic. The 
next Games were in London in 1948; the torches for 
that relay were fueled by compressed pellets of a 
non-pyrotechnic mixture of 94% hexamethylene- 
tetraammine and 6% naphthalene, the latter being in- 
cluded to make the flame luminous. Eight of these 
pellets were burned sequentially in a perforated metal 
canister that was locked into the top of a decorative 
metal torch body. The collection of pellets burned for 
a total of 15 minutes. To provide a more spectacular 
torch for the opening ceremony the hexamine canister 
was replaced by a pyrotechnic flare that burned a 
magnesium-based composition. The burn duration of 
the flare was 10 minutes. The following photo is of 
British athlete John Mark (1925-1991) carrying the 
pyrotechnic version of the Olympic Relay Torch into 
the Wembley Stadium during the opening ceremony 
of the 1948 London Summer Olympic Games. 


The torch relay for the 1952 Summer Games at Hel- 
sinki used torches fueled by liquefied hydrocarbon 
gas; the burn duration was 21 minutes. The 1956 
Melbourne Summer Olympic Games used torches of 
the same design as those used in the London games 
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Photo credit: © 1948 /Comité International Olympique (CIO) / 
RANK, J. Arthur. Used with permission. 


of 1948. The magnesium-fueled torch carried in the 
Opening Ceremony notoriously showered the athlete 
who carried the torch (Ronald William Clarke (1937- 
2015), then aged 19) with burning metal particles. 
Clarke claimed that he ‘did not feel the burns at all 
until afterwards’. 


Most subsequent Olympic Games torch relays used 
torches fueled by either liquefied hydrocarbon gases 
or liquid hydrocarbons. A notable exception was the 
relay for the 1972 Winter Olympics at Sapporo, 
which used a pyrotechnic torch having a composition 
including red phosphorus, manganese(IV) oxide, 
magnesium and wood meal, with a burning time of 
10 minutes. Photographic evidence shows that the 
torches used in the 1984 Sarajevo Summer Olympic 
Games were also pyrotechnic in nature. Pyrotechnic 
torches were again used in the relay for the 1988 
Summer Olympic Games held in Seoul. The compo- 
sition included red phosphorus, manganese(IV) ox- 
ide, magnesium and barium chromate. 


The relay for the Sydney Summer Olympics of 2000 
used gas-fueled torches, except for a section of the 
relay in which the flame was carried underwater. This 
used a specially-developed flare designed by Austral- 
ian pyrotechnic engineer Michael A. Wilson at Pains- 
Wessex (Australia) Pty Ltd. As well as the expected 
requirements of burning underwater for an adequate 
time and being sufficiently luminous, the flare had to 
be ‘environmentally friendly’. All these requirements 
were met, and the flare was duly carried underwater 
at Agincourt Reef on the Great Barrier Reef, Queens- 
land, Australia by marine biologist Wendy Craig- 
Duncan on June 27, 2000. 


A similar type of pyrotechnic torch, again specially 
developed for the occasion, was used on a side- 
branch of the torch relay for the 2008 Beijing Sum- 
mer Olympic games, in which a team of 36 runners 
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took part in a relay to carry a torch to the summit of 
Mount Everest on May 8, 2000. 


As part of the relay for the 2014 Winter Olympic in 
Sochi a pyrotechnic torch was taken 13 meters under 
the waters of Lake Baikal by three torchbearers: Rus- 
sians Nicolay Rybachenko (a professional search and 
rescue diver), Ekaterina Andreeva (a TV presenter) 
and Aleksandr Vronsky (a senior vice-president of 
the Sochi 2014 Organizing Committee). 


TORPEDO -— See snapper (fireworks). 
TORPEDO CANE - See toy cap cane. 


TORPEDO, COFFIN — (Also grave torpedo) — A device 
placed in or about a coffin and designed to violently 
explode in the event that the coffin is disturbed, such 
as in an attempt to gain access to or otherwise despoil 
the grave. (In the vernacular of the time, a torpedo 
was an explosive device, most often one that is hid- 
den such as could today be described as a mine or 
land mine.) 


Typically, the coffin torpedo included a spring- 
loaded mechanism to fire a percussion cap (see pri- 
mer, small-arms) when trip wires were sufficiently 
disturbed. The percussion cap ignited a powder 
charge, which resulted in the explosion and fragmen- 
tation of the metal casing of the device, thus seriously 
injuring or killing the person disturbing the gravesite. 


Historical: In the years immediately following the US 
Civil War, there was a great expansion in the number 
and quality of medical schools. With this expansion 
came an increase in the need for cadavers for anatom- 
ical study by students, but as the result of custom and 
some legal impediments, there was a serious lack of 
cadavers for study. Further exacerbating the need for 
cadavers was the lack of refrigeration or other suita- 
ble means of preserving the bodies for future study 
by students. The result of this serious lack of bodies 
for study was for medical schools to purchase bodies 
from questionable sources (i.e., grave robbers). This 
in turn generated a desire to better protect graves by 
using deterrent measures such as massively heavy 
coffin lids and coffin torpedoes. 


By the end of the 19" century, in recognition of the 
problem of body thefts and the societal benefits of hav- 
ing well trained physicians, laws were passed allowing 
medical schools to legally take possession of un- 
claimed bodies. This, combined with the development 
of mechanical refrigeration, had the desired effect of 
virtually eliminating body thefts, and with that, the 
desire for extraordinary grave protection measures. 
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An early grave protection device was essentially a 
set-gun, in which the disturbance of its attached trip- 
wires fired a gun in the general direction of the dis- 
turbance. In 1878 a US patent (208,672) was issued 
to Phillip K. Clover for a shotgun-like device, to be 
placed inside a coffin, which would fire several balls 
at anyone who later opened the lid. Then, in 1881, a 
US patent (251,231) was issued to Thomas N. How- 
ell for an exploding coffin torpedo. 


TORPEDO, FIREWORK — (Also throw down) — An im- 
pact-actuated, and by current standards, powerfully 
exploding firework device. Today some novelty items 
are sold under the name torpedo, but these popular 
items contain only a trace of explosive composition 
and are incapable of doing damage. See snapper. 


Torpedoes were typically used by forcefully throwing 
them against a hard surface (e.g., pavement or a brick 
wall). Traditional firework torpedoes, which were 
very powerful devices, are no longer available in the 
US. Also, gone are the smaller version of torpedoes 
once commonly described as cracker balls. 


The Chinese are successfully marketing some small 
throw downs with a variety of names such as Black- 
Eyes Snap Peas aie — 
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These are small devices (approximately 0.3 inch, 8 mm 
in diameter) and produce a surprisingly loud crack 
when thrown against a hard surface. The Black-Eyed 
Snap Peas have a small plastic core and are covered 
with approximately 150 mg of an Armstrong’s mix- 
ture. They are much less powerful than the traditional 
torpedoes that were popular in the first half of the 20" 
century in the US, but they are more powerful than 
the tiny snaps consisting of tissue paper and coarse 
sand treated with a trace of silver(I) fulminate. There 
is the potential for quite powerful explosions of these 
items when bulk quantities are present. 
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Some traditional torpedoes resembled cherry bombs 
in size and spherical shape, but most were silver in 
color rather than red. The outer covering of these tor- 
pedoes was either paper punchings (shown below on 
the left in the top row) or sawdust (on the right and 
middle). These coatings were typically adhered to the 
device’s internal paper cup compartment with sodium 
silicate (i.e., water glass). Other torpedoes were made 
in the shape of cylinders (lower row). In either event, 
it was fairly common for these devices to be rather 
large, with their major dimension being as much as 
approximately 1 inch (25 mm). 


be ee ae 
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Photo Credit: Randy and Michael Feldman 


Historical: Firework torpedoes were most likely first 
made by the French, under the name pois fulminant 
(which translates as exploding peas). They were orig- 
inally promoted as a safety improvement, in an at- 
tempt to reduce the dangers associated with fuse-lit 
and usually hand-thrown, explosive noisemakers (such 
as cannon crackers). Serious injuries, resulting from 
inexperience or a person lighting a defective or short 
fuse, occurred when a fuse-lit device discharged in a 
person’s hand. This problem was solved by the intro- 
duction of torpedoes, which had no fuse. Since there 
was nothing to light, the chance of the device going 
off prematurely in one’s hand was mostly eliminated. 
In addition, the act of throwing the torpedo to cause it 
to function tended to create a safe distance between 
the user and the device. As a result, many torpedoes 
and the containers in which they were packaged car- 
ried the word ‘safety’ in their description. However, 
in practice injuries still were produced when torpe- 
does were thrown too close to spectators (too often, 
unsuspecting spectators). 


bruja—(Spanish for witch) — A type of small torpedo 
made from chickpeas or garbanzo beans coated with 
shock and/or friction-sensitive composition. Typically, 
these were silver-colored devices what would crackle 
and sputter when thrown against a hard surface. They 
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may sometimes still be purchased in Mexico. Some 
examples are shown below. 


FRET, 


Photo Credit: Randy and Michael Feldman 


clay torpedo — An elegantly simple torpedo patented 
by C. Nelson in 1867 (US 65,764). This device is il- 
lustrated below in cross section. 


Clay 


Pyrotechnic 
Composition 


Varnish 


Clay 


The body of the torpedo is a small ball of clay (ap- 
proximately 0.5 to 0.7 inch, 13 to 18 mm, in diame- 
ter) with a hole a little more than halfway through it. 
The explosive mixture (a type of Armstrong’s mix- 
ture, presented below) was placed in the hole as a wet 
paste. The torpedo was finished by filling the hole 
with clay. After drying, a layer of varnish was ap- 
plied to the surface of the clay ball. 


Ingredient Parts by Weight 


globe torpedo — A type of large, powerful torpedo 
once popular in the US, illustrated below in cross 
section. 


Pasted Granular Material 
Cup Set 
Silver Coating 


Pyrotechnic Composition 
Fine Gravel 


The globe torpedo evolved from two patents. The 
first patent in 1916 (US 1,199,775 issued to A. 
Garbeil and A. Cimorosi) incorporated the concept of 
using an inner spherical casing (composed of two 
hemispheres); the ingredients of the explosive com- 
position and a method for the complete filling of the 
torpedo’s casing were also described. The second pa- 
tent in 1923 (1,467,755 issued to A. Cimorosi) de- 
scribed the concept of coating the torpedo with a 
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shell of ‘substantially non-resilient’ granular material, 
which was applied and consolidated using a tumbling 
process. This outer coating (often sawdust bound 
with sodium silicate) also provided a level of mois- 
ture protection and added a substantial degree of con- 
finement to enhance the explosive effect produced. 


With a relatively slight modification, the manufacture 
of globe torpedoes became that described below. 
First, the inner cup of a pair of mating cup sets was 
partially filled with a charge of a sensitive pyrotechnic 
composition. It is fairly widely held that the formula- 
tion for this composition was approximately as pre- 
sented below (1), with the likely addition of a small 
amount of lampblack. (Formulations 2 to 4 are vari- 
ants also used to make torpedoes.) 


Formulation —| Parts by Weight 
Ingredient | 


| 
| 
| 
| 


1) Donner, 1997. 2to 4) Allen Formulary. 


Next, this inner cup was filled completely with coarse 
sand (approximately 10 mesh) and closed with the 
outer cup of the cup set, which was held in place ei- 
ther by friction or with a slight amount of adhesive. 
Then the closed cup set, along with many others, was 
loaded into a heated tumbler and coated with a thick 
solution of sodium silicate. The wetted torpedoes were 
then covered with fine paper punchings or sawdust 
and finished with a thin coating of bright aluminum 
paint pigment that adhered to the residual sodium sil- 
icate solution. Tumbling continued until there was no 
longer any tendency for the completed torpedoes to 
stick together. Tumbling also had the effect of dis- 
tributing the pyrotechnic charge through the mass of 
coarse sand. A batch of completed globe torpedoes 
being dumped from a tumbler is shown below. 


Photo Credit: Davis, 1943 
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Two examples of finished globe torpedoes are shown 
below. 


Globe torpedoes were made by a number of different 
manufacturers. Typically, the torpedoes were pack- 
aged with a substantial amount of coarse sawdust as 
cushioning. Two examples of their external packaging 
are shown below. 
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A Product of 
NEW JERSEY FIREWORKS MFG. CO., ING. 
VINELAND, N, J ELKTON, MD. 
U.S.A. 


Photo Credit: Randy and Michael Feldman 


Japanese torpedo — (Also cap torpedo) — A type of 
torpedo in which the explosive charge was a paper 
toy cap, with an especially large explosive charge. 
The design of this torpedo is approximately as illus- 
trated below in cross section, with the cap positioned 
within the fine gravel (1.e., very coarse sand). 


uv Pasted Tissue Paper 


Fine Gravel 


Special Paper Cap 


These devices were manufactured by forming a cup 
by pressing a square of tissue paper (or other thin pa- 
per) into a hole (typically about 0.75 inch, 19 mm, in 
diameter) in a loading board. Next, the first half of 
the charge of fine gravel (approximately 10 mesh) 
was loaded into the paper cup. This was followed by 
the especially heavily-loaded paper cap, while still 
moist from its just having been manufactured. Then 
the second half of the fine gravel was added, and the 
paper cup was closed by twisting together its exposed 
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top edge. The process was finished by removing the 
torpedo from the loading board and forming it more 
nearly into a spherical shape. Although the above il- 
lustration is of a highly spherical device, the finished 
items must have been somewhat irregular in shape. In 
some cases, an additional external covering of pasted 
tissue paper may have been applied to the torpedoes 
for added physical strength. 


silver torpedo — A significantly more sensitive ver- 
sion of the Japanese torpedo (described above). It 
was made using a charge of silver(I) fulminate in 
place of the special paper toy cap. Other than that, the 
design and construction of this torpedo is essentially 
the same as the Japanese torpedo and is illustrated be- 
low in cross section. 


TORPEDO, RAILWAY -— (Also described as a railway 
detonator, railway fog signal or detonating railway 
fog signal in Britain and elsewhere, and as an audible 
track warning signal or audible track warning device 
in Australia) — A safety-signaling device, shown be- 
low, once relied on as a primary means of warning 
railway train crews of a problem on the railway track 
ahead. Railway torpedoes were deployed by fastening 
them to the railway track. This was accomplished by 
first unwrapping the lead strip attached to each torpe- 
do, as shown below, then fastening the device in 
place on the track with the lead strip. 
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When the wheels of an approaching train rolled over 
the torpedo, it produced a thunderous report, providing 
a warning to the train crew. The action to be taken by 
the crew on receiving the warning signal varied in 
different jurisdictions. A single report might, for ex- 
ample, require the train to stop, whereas a series of 
reports in quick succession (achieved by placing a se- 
ries of torpedoes some short distance apart along the 
track) might require the crew to slow the train (e.g., 
slowing to 20 mph, 32 kph, for at least the next 2 
miles, 3.2 km). 


Historical: The invention of the railway torpedo is 
credited to British inventor Edward Alfred Cowper 
(1819-1893), who invented it in 1837, at the age of 
18, while still an apprentice, and apparently without 
taking out a patent. The device was described as a 
‘detonating railway fog signal’ and was intended to 
be used as a warning when fog was making it diffi- 
cult for the train crew to see mechanical track signals. 
Cowper’s device is said to have consisted of small tin 
(actually tin plated, i.c., thin sheet steel coated with 
tin) box containing a ‘charge of gun powder, with a 
little fulminating powder’, probably mercury(II) ful- 
minate. In the early 1860s, Simeon Lilley (1827- 
1902), a commercial manufacturer of fog signals in 
Birmingham, England, replaced the fulminate with 
percussion caps. Based on limited information, the 
design of Lilley’s railway fog signal likely was as il- 
lustrated below. 


Primer Composition Tin Casing 


Black Powde Solid Nipple 


Percussion 
Primer 


The signal was made from two concave pieces of 
tinplate, to form a container approximately 2.25 inch- 
es in diameter and 0.75-inch-thick (56 by 19 mm). 
Inside are three solid nipples over which ordinary 
percussion caps had been placed. Subsequently, rail- 
way torpedoes were simplified by using a pyrotechnic 
composition that exploded on impact instead of Black 
Powder. Such a railway torpedo is shown below. 


Photo Credit: Randy and Michael Feldman 
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Formulation: Some early versions of railway torpe- 
does used extremely sensitive compositions similar to 
Armstrong’s mixture. Subsequently, less-sensitive 
compositions, such as those presented below have 
been used. 


1-2) Davis, 1943. 3) Ellern, 1968. 
a) Not specified. 


b) Not specified, but likely a carbonate such as barium 
carbonate or calcium carbonate. 


TORQUE — See moment. 


TOTAL IMPULSE and TOTAL INSTALLED IMPULSE 
(rocketry) — See impulse. 


TOUCHDOWN — The moment when a rocket strikes the 
ground. 


TOUCH PAPER - (Also blue touch paper) — Paper that 
has been impregnated with potassium nitrate so that it 
ignites easily from a match or glowing punk and burns 
readily in a smoldering reaction without producing 
flame. For many years, it was used, particularly in 
Britain and Australia, as a primary ignition material in 
shop goods (i.e., consumer fireworks). The hand- 
twisted touch paper, traditionally colored blue, also 
acted as a low-cost closure to the ignition end of the 
firework, but loose composition would still some- 
times leak from the case. The collection of fireworks 
with blue touch paper, shown further below, dates to 
about 1960. 


Touch paper can be useful as a reliably combustible 
barrier between layers of loosely-consolidated com- 
positions that need to be prevented from mixing in a 
firework case, for example in color-changing lights, 
transformation fountains and in traditional Roman 
candles. In the latter example, a piece of touch paper 
above each increment of delay composition prevents 
the delay composition mixing with the small charge 
of Black Powder used to propel the Roman candle 
stars from the case. Touch paper can also be useful 
during the development of certain types of composi- 
tions; a piece of touch paper can form a combined 
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container and ignition source that facilitates the testing 
of small quantities of composition. 


In making touch paper, the intent is to deposit suffi- 
cient potassium nitrate on the cellulose fibers of the 
paper to provide just enough oxygen to support the 
combustion of some of the cellulose while leaving 
most of it as a glowing, carbon-rich residue. This is 
best achieved with rather dilute solutions of potassi- 
um nitrate, as indicated below. If too high a concen- 
tration is used, relatively large crystals of potassium 
nitrate form between the fibers, where they become 
heat sinks as they melt and thus inhibit the combus- 
tion. Well-made touch paper burns with a distinctive 
sizzling sound and an orange-red glow. 


Historical: An early account of touch paper was given 
by English military officer Robert Jones in a book 
published in 1766. He gave vague instructions for 
making touch paper, specifying that ‘blue or purple’ 
paper be wetted with ‘a little saltpetre’ dissolved in 
‘spirits of wine or vinegar’ and allowed to dry. A 
similarly vague discussion was given by English 
writer G. W. Mortimer in 1824, but, in this case, the 
solvent was somewhat absurdly given as ‘vinegar or 
any other acid’. 


Much more useful advice was given in books pub- 
lished from the 1870s by English authors Denis Times 
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Moore (‘Practicus’), William Henry Browne and 
Thomas Kentish. All three advised that the potassium 
nitrate should be dissolved in water (not vinegar, 
‘spirits of wine’, etc.). Kentish and ‘Practicus’ rec- 
ommended the same concentration of potassium ni- 
trate, which in modern units is very close to 50 grams 
per liter; Browne recommended a somewhat more di- 
lute solution (~37 grams per liter). ‘Practicus’ warned 
that if the solution be made too strong, the nitrate will 
‘recrystallize as the water evaporates in drying, and 
this should not be the case’. All three authors rec- 
ommended that the potassium nitrate solution be ap- 
plied to only one side of the paper, with a paintbrush 
or sponge. Kentish and Browne advised that the pa- 
per should be hung on a line to dry; ‘Practicus’ did 
not suggest how to dry it. Browne did not mention 
the weight of the paper, but according to Kentish it 
should be ‘12 lb’, consistent with ‘Practicus’s rec- 
ommendation of ‘from 11 Ibs to 13 Ibs per ream’, 
with 11 Ibs being the most generally useful. ‘Practi- 
cus’ described the suitable blue paper as ‘not as thin 
as tissue paper, but thicker than the ordinary blue pa- 
per used by shopkeepers’. Nowhere is there any ex- 
planation of why blue became the traditional color 
for touch paper. 


There is no reason to think that the color of the paper 
would have had any effect on the performance of the 
touch paper; indeed, in the 20" century fireworks 
having red or green touch paper were occasionally 
produced by British manufacturers. A plausible ex- 
planation for the traditional color being blue is that it 
is desirable to have touch paper of a distinctly different 
color, and blue paper was by far the most commonly 
available and inexpensive colored paper in the 18" 
century. The reason is that, in those days, paper was 
made from rags, and many rags were blue, having 
been made from clothes that had been dyed with in- 
digo. As explained by Briickle (1993), paper made 
from blue rags was very widely used as wrapping pa- 
per. The inherent blue color of the paper was some- 
times enhanced by the addition of blue pigments such 
as indigo, smalt or Prussian Blue. An 18" century py- 
rotechnist seeking paper of a distinctive color for 
making touch paper would naturally have chosen the 
readily-available and inexpensive blue, and the use of 
that color became traditional. 


Touch paper continued to be used until as late as the 
early 1990s, after which more and more shop goods 
were imported from China, and the Chinese manufac- 
turers commonly provided visco fuse for the ignition 
of their fireworks. In some cases, the visco fuse was 
covered by a piece of blue tissue paper, thus continu- 
ing the traditional appearance of the shop goods. 
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Touch paper is no longer used in Britain. The current 
British Standard (See Firework Classification (UK)) 
requires the fuse to burn within specified times, 
which cannot be reliably achieved with touch paper. 
The use of touch paper ignition is not allowed in the 
US (under APA 87-1) and in the European Union 
(under EN14035, the European firework standard) 
because of the prohibition of easy side-ignition of 
any pyrotechnic fuses, except those on firecrackers 
and other small-diameter devices. 


TOUCH POWDER - See nitrogen triiodide-1-ammonia. 


TOURBILLION — (Also Rising Moon, helicopter, (for- 


merly) table rocket) — A low-level aerial firework, 
consisting of a tubular case, closed at both ends, that 
simultaneously rotates and rises through the air pro- 
pelled by the emission of hot gases though at least 
one hole in the side of the tube. The gases are pro- 
duced by burning a modified Black Powder composi- 
tion, which is also formulated to produce sparks. 
Tourbillions typically have a wing or flat stick fixed 
across the center of the tube at right angles to prevent 
the firework from tipping or rolling over during the 
initial stages of its flight. Tourbillions may also have 
stars attached to the tube for additional color or spark 
effects. The name is derived from the French word 
‘tourbillon’, meaning whirlwind or vortex; in French, 
the common name for these fireworks is ‘artichaut’ 
(i.e., artichoke). 


As a consumer firework: An example of the traditional 
tourbillion (Rising Moon) made in China, Macau and 
Hong Kong as a consumer firework is shown below. 
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Such a tourbillion rotates as a result of the two jets of 
gas produced from a pair of vents on the sides of the 
tube, one near each end. It rises into the air as a result 
of additional jets of gas produced from vents on the 
underside of the tube, as illustrated below (Chertier, 
1843). In drawing 1, the two side vents with attached 
fusing can be seen. Drawing 2 illustrates the under- 
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side of the device (without its wing) where four addi- 
tional vents can be seen. 


Many modern consumer fireworks are modifications 
of tourbillions, often having a single vent near one 
end to provide both rotation and lift. For details, see 
helicopter. 


The old term ‘table rocket’ may have originated from 
the need to discharge tourbillions from a flat surface 
upon which they are free to rotate. For example, ‘Table 
rocket’ was used by Jones (1766) for a tourbillion 
without lift jets, intended to produce a horizontal circle 
of fire. 


In_display fireworks: Historically, large tourbillions 
were a popular feature of firework displays but are 
rarely seen in modern times, presumably because the 
heavy burned-out cases present a fallout hazard. Re- 
cently, large tourbillions were exhibited at the annual 
convention of the Pyrotechnics Guild International. 
Occasionally, consumer firework tourbillions have 
been discharged in flights of a dozen of more as part 
of a public display. To achieve this, the tourbillions 
may be mounted on a sheet of plywood and fused 
collectively with quick match. 


The name ‘tourbillion’ is also applied to small rotating 
tubular devices used as inserts in aerial shells. In that 
application, the tourbillion 
does not require lift or ver- 
tical thrust, and thus does 
not require a stabilizer or 
propeller blade, or the ad- 
ditional gas jets. Typically, 
the single gas jet originates 
from the side of the item 
near one end as shown at 
the right. 
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TOURING PRODUCTION (proximate audience) — Any 


production performed in more than one geographic 
location, by the same performers and crew. 


TOXICOLOGY REGULATORY TERM — The various 


toxicological limitations set by regulation. 


biological exposure index — (Abbreviated BEI™) — 
Reference values intended to be used as guidelines 
for evaluating the potential health hazards in the 
practice of industrial hygiene. BEIs represent the 
measurable levels that are most likely to be observed 
in specimens collected from a healthy worker who 
has been exposed to chemicals to the same extent as a 
worker with inhalation exposure at the threshold- 
limit value. 


maximale arbeitsplatzkonzentration (translation 
= maximum workplace concentration) — (Abbreviated 
MAK) — Standards set by the Federal Republic of 
Germany and often accepted by other countries in the 
European Union. The MAKs are roughly equivalent 
to the American Conference of Governmental Indus- 
trial Hygienist’s (ACGIH™) threshold limit value 
(TLV) standards (see below). 


The major difference between the TLVs and the MAKs 
is there are no MAK limits for carcinogens. Since 
there is no safe level of exposure to a true DNA- 
disrupting carcinogen, those chemicals listed as car- 
cinogens require the employer to use the best available 
technology to keep exposure as close to zero as can 
be technically achieved. 


median lethal concentration — (Symbol: LCso) — 
(Abbreviated MLC) — (Also lethal concentration 
50%) — A measure of the toxicity of an airborne sub- 
stance. This is the amount of material subject to inha- 
lation that causes the death of 50% (i.e., one-half) of 
a test population. 


median lethal dose — (Symbol: LDso) — (Abbrevi- 
ated MLD) — (Also lethal dose 50%) — A measure of 
the toxicity of a substance. It is the amount of a mate- 
rial ingested at one time that causes the death of 50% 
(i.e., one-half) of a test population, presumably of la- 
boratory rats or mice. 


permissible exposure limit — (Abbreviated PEL) — 
A legal limit established by the US Occupational 
Safety and Health Administration (OSHA) for expo- 
sure of a worker to a chemical substance or a physi- 
cal agent. The PELs are based on the same concept as 
the TLVs (see below). In fact, when OSHA was es- 
tablished in 1971, the agency adopted the roughly 
400 ACGIH TLVs that were in effect at that time as 
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their enforceable PELs. Unfortunately, OSHA has 
been unable to update most of its standards since 
1971, and they are very out of date. In addition, there 
are now over 200 new TLVs for substances for which 
OSHA has no enforceable standard. Most industrial 
hygienists do not rely on the OSHA PELs whenever 
there is a TLV to use. 


PELs can be time-weighted averages (TWAs), short- 
term exposure limits (STELs) or ceiling limits (C) 
that should not be exceeded even briefly. 


recommended exposure limit — (Abbreviated 
REL) — A limit established by the US National Insti- 
tute for Occupational Safety and Health (NIOSH). 
The RELs are based on the same concept as the 
TLVs (see below). RELs can be time-weighted aver- 
ages (TWAs), short-term exposure limits (STELs) or 
ceiling limits (C) that should not be exceeded even 
briefly. The major difference is that the REL-TWAs 
are designed for exposures up to 10 hours per day for 
a 40-hour week rather than 8-hours per day. 


threshold limit value — (Abbreviated TLV™) — 
TLVs are set by the American Conference of Gov- 
ernmental Industrial Hygienists (ACGIH™). These 
were the first such workplace standards ever devel- 
oped and are the basis for the standards set by OSHA, 
NIOSH, the Federal Republic of Germany and other 
major workplace standard setting entities. 


TLVs can be set for chemical exposures as well as 
for physical agents such as acoustic levels (noise and 
sound of many frequencies), electromagnetic radia- 
tion and electromagnetic fields (e.g., magnetic fields, 
ultraviolet radiation, lasers and ionizing radiation), 
ergonomics and thermal stress (heat and cold). 


The TLVs for chemical substances in the workplace 
are the concentration of an airborne substance below 
which ACGIH ‘believes that nearly all workers may 
be repeatedly exposed without adverse health ef- 
fects’. The repeated exposure refers to an 8-hour 
workday and a 40-hour work week. 


Concentrations of gases and vapors are usually ex- 
pressed as parts per million (ppm) (1.e., the volume 
percent times 10*). For particulates (e.g., dusts, mists 
and fumes), the concentrations are usually expressed 
as mass per unit volume (mg/m°). The concentration 
together with particle size and density can be used to 
define the particle count per unit volume. 


When no TLV has been reported for a substance, it 
must not be assumed that the substance is safe. In- 
stead, it is much more likely to mean that there are 
not yet enough data to set a standard. When a sub- 
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stance has no TLV but is insoluble and assumed to be 
of low toxicity based on data from similar substances, 
it is common practice to use an ACGIH nuisance dust 
standard of 10 mg/m? TLV-TWA, or the OSHA nui- 
sance dust standards of 5 mg/m* PEL-TWA for res- 
pirable dust particles and 15 mg/m? PEL-TWA for 
inhalable dust particles. 


Threshold limit values fall into 3 primary sub- 
categories: 


Threshold limit value — time weighted average: (Ab- 
breviated TLV-TWA) — The TWA concentration of 


an airborne substance for a conventional 8-hour work 
day and a 40-hour work week, to which it is believed 
that nearly all workers may be repeatedly exposed, 
day after day, for a working lifetime without adverse 
effect. 


Threshold limit value — short-term exposure limit: 
(Abbreviated TLV-STEL) — The concentration of an 
airborne substance to which almost all workers can 
be exposed for a short period of time without suffering 
chronic irritation, chronic or irreversible tissue dam- 
age or narcosis of a sufficient degree as to increase 
the likelihood of accidental injury, impair self-rescue 
or materially reduce work efficiency. The short period 
is defined as not lasting longer than 15 minutes and 
not repeated more than 4 times per day. 


Threshold limit value — ceiling: (Abbreviated TLV-C) 
— The concentration of an airborne substance that 
may not be exceeded even briefly. 


TOY BLUE LIGHT — See blue light. 


TOY CANNON — See carbide cannon and _ firecracker 


cannon. 


TOY CAP — Commonly, a small piece of layered paper 


with a tiny amount of Armstrong’s mixture sand- 
wiched between its layers, as shown for roll caps be- 
low (upper). In recent years it has become increasing- 
ly common to mold toy caps into tiny plastic cups 
formed into strips (i.e., strip caps, middle) and rings 
(i.e., ring caps, lower). Toy caps are used in toy cap 
guns and other noisemaking toys such as toy cap 
bombs, toy cap canes and toy cap darts. They are also 
used in practical joke devices, typically to surprise 
the intended victim by the sound produced, and they 
are occasionally used in magic devices. Toy caps 
were occasionally used in primitive burglar alarms to 
produce a noise when disturbed. 
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The composition used in a toy cap is extremely sensi- 
tive to shock and friction and readily explodes when 
subjected to even mild mechanical disturbance. Con- 
sequently, it is mixed and handled when wet with wa- 
ter. For roll caps, the wet mixture is applied to a pa- 
per sheet through a perforated metal plate, producing 
dabs of composition on the paper. These are allowed 
to dry, then a layer of thin paper is glued over the en- 
tire sheet. After the glue dries, the sheet is cut into 
strips or into individual caps. 


Other caps for toy pistols are made by loading the 
wet composition into miniature cups in a strip made 
of flexible plastic. This process is shown farther be- 
low, where a young lady is concentrating on loading 
such toy caps. Before her are piles of fresh (on her 
right in the upper image) and loaded toy cap strips, as 
she is collecting a portion of the cap composition on- 
to her transfer apparatus by dipping it into a small 
bowl of wet composition. The next step is to load the 
wet composition into the small plastic cups (lower). 
Typically, the process is completed by inserting pa- 
per discs over the composition to seal it into the plastic 
cups. 


Roll caps usually contain approximately 0.03 grain (2 
mg) of composition, which is still sufficient to make 
a reasonably loud pop. In toy guns, it was found that 
the sound pressure level of toy caps at a distance of 
approximately 3 feet (0.9 m) behind a toy cap gun 
can exceed 130 dB (measured with peak-linear set- 
tings). It was also found that at a distance of 1 foot 


Encyclopedic Dictionary of Pyrotechnics 


Photo Credit: Chip Hurlock 


(0.3 m) to the side of a toy cap gun, the sound pres- 
sure level can exceed 140 dB (peak-linear). The 
amount of composition in an individual roll of caps is 
not enough to cause mass propagation of an entire 
roll or a flash that could significantly burn a finger or 
face. Nonetheless, a recent study of bulk quantities of 
toy caps found that, if sufficiently strongly stimulated, 
they are capable of producing an unexpectedly pow- 
erful explosion. 


Ring caps typically contain significantly more pyro- 
technic composition than roll caps. In one case, they 
were found to contain nearly 0.2 grain (13 mg) of 
composition. As a result, ring caps typically produce 
louder bangs than roll caps. In toy guns, it was found 
that the sound pressure level for ring toy caps at a 
distance of approximately 3 feet (0.9 m) behind the 
toy cap gun can exceed 140 dB (peak-linear). It was 
also found that at a distance of 1 foot (0.3 m) to the 
side of the toy cap gun, the sound pressure level can 
exceed 150 dB (peak-linear). 


Toy cap composition: Toy cap compositions are often 
not simply a mixture of potassium chlorate and red 
phosphorus (Armstrong’s mixture) but may also in- 
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clude other ingredients such as sulfur (an accessory 
fuel), manganese dioxide (a burn catalyst) and calci- 
um carbonate (a neutralizer of acids that can form on 
the surface of red phosphorus and/or sulfur due to ox- 
idation by moist air). 


Two formulations used in the past for toy caps are 
presented below. Because of the extreme sensitive- 
ness of these explosive mixtures, it is essential that 
they be mixed and worked with only when they are 
wet with water. 


Formulation —| Parts by Weight 
Ingredient | (2) 


1) Weingart, 1947. 2) Shimizu, 1981. 


Today, red phosphorus and potassium chlorate con- 
tinue to be the primary ingredients. For example, a la- 
bel on a package of ring caps of recent manufacture 
from Taiwan listed ingredients as potassium chlorate, 
red phosphorus, manganese dioxide, magnesium ox- 
ide, sand and glue. The red phosphorus used today has 
often been stabilized to prevent its gradual oxidation 
leading to the production of acids. The presence of 
manganese dioxide (manganese(IV) oxide, MnOz) re- 
sults in the mixture having a dark gray to black color. 
This chemical promotes the decomposition of potas- 
sium chlorate, making the mixture even more sensitive. 


Historical: Toy caps and similar items are derived 
from a system for percussion firing of small arms, da- 
ting to 1845 (see Maynard tape primer system). The 
system was soon abandoned for its intended use but 
found continued application in toy guns and similar 
items. These toy caps became popular in the United 
States after the American Civil War (1861-1865) and 
soon spread to Europe and elsewhere; they remain 
popular even today. 


In the United States, the Kilgore Manufacturing Com- 
pany was the major manufacturer of toy caps; they 
also made toy cap guns. Other brands of toy caps 
were manufactured by the toy maker Mattel; their toy 
caps were distinctive because of the green paper they 
used. (Kilgore and most other manufacturers used red 
paper.) An example of toy caps that were described 
as sheet caps, because they came in sheets with per- 
forations to aid in the removal (i.e., separation) of in- 
dividual caps is shown below. 
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Another variety of strip caps, described as round 
caps, had perforations in a circular pattern around 
each cap. This allowed for the removal of the caps in 
the form of small round dots for use in toy cap guns 
and devices that required round caps. An example of 
round caps is shown below. 
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Mattel produced a unique toy cap design described as 
Greenie Stik-um Caps that had a coating of a pressure 
sensitive adhesive on their backs that allowed for 
peel-and-stick placement of the caps. 


Roll caps were the most popular, and many types 
were made as multiple rolls formed on a single sheet. 
A series of parallel perforations made it possible to 
separate a single roll for loading into a toy cap gun. 
Pulling the trigger of the toy cap gun not only caused 
the hammer to withdraw and then strike the cap, but 
it also advanced the roll to the next cap. Kilgore ad- 
vertised that its caps contained a lubricant that made 
“pistols work easier and last longer’. 


Disc caps were small circles of paper divided into six 
pie-shaped sections with an elongated perforation be- 
tween each of the six caps. An example is shown be- 
low. These were loaded into special revolver-style 
toy cap guns that would rotate the disc of caps to the 
next cap position with each pull of the trigger. 
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Toy cap firing devices: Although toy cap guns were 
the primary use for toy caps, a number of other toy 
devices also used them, including the toy cap bomb, 
toy cap dart and toy cap cane. Also, a variety of trick 
noisemakers used toy caps; examples include the ex- 
ploding pen, the exploding bar of soap, the exploding 
cigarette lighter and an exploding ring (all of which 
looked like the real thing). Of course, none of these 
items actually exploded, but rather a toy cap would 
fire unexpectedly to startle the unsuspecting user or 
observer of the trick device. 


TOY CAP BOMB (historical) — (Also throw down bomb, 
bomb shell, figurehead bomb or cap dart) — These 
devices typically fired paper toy caps, although a few 
used 22 or 32 caliber blank small-arms cartridges. 
The usual construction of a toy cap bomb consisted 
of two pieces that acted as a hammer and anvil pair to 
exert a compressive force on the toy cap. Cap bombs 
were then discharged by dropping or tossing them, 
although sometimes they were set off by being 
strongly snapped on the end of a string. 


Most figurehead bombs depicted famous persons 
such as Admiral Dewey, Presidents Washington and 
Lincoln, or cartoon characters (e.g., the Yellow Kid). 
Other patriotic symbols such as Uncle Sam or the 
Liberty Bell were depicted in these cast iron associ- 
ates of the toy cap pistol. Some examples are shown 
below (background grid size is 0.2 inch, 5 mm). 


Photo credit: Randy and Michael Feldman 


Encyclopedic Dictionary of Pyrotechnics 


On the left above is a toy cap bomb Powder Keg (ca. 
1890). In the middle is one of George Washington 
(ca. 1900). On the right is a Dart (of British origin). 
Below are more examples of cap bombs: Bozo (ca. 
1900), Bingo (ca. 1920) and Chinese Man (ca. 1890). 


Photo credit: Randy and Michael Feldman 


A few versions were designed to be used as burglar 
alarms. They contained a metal arm ona chain that was 
inserted above a closed door. The action of opening 
the door released the device. When the falling device 
struck the floor, the contained charge was set off. 


Toy cap bombs were popular toys from1876, perhaps 
even earlier. Their popularity waned in the 1920s, but 
a few manufacturers produced these items as late as 
the 1950s. Toy cap bombs have become highly col- 
lectible, sometimes fetching US $300 or more for rare 
versions. 


In more recent times, cap bombs are usually made in 
a dart-like form with fins (see toy cap dart). 


TOY CAP CANE — A blunt headed metal attachment to 


a small wooden cane (shown below), which is de- 
signed to explode a toy cap when the cane is tapped 
firmly on a hard surface. While once quite popular, 
these devices are rarely seen or used in current times. 


Fes 


The toy cap is loaded by inserting it into the opening 
in the metal end of the cap cane (shown below). 
Some models (not shown) contained a mechanism for 
feeding roll caps and were described as repeaters. 


Many earlier canes (described as a cane torpedo) 
used a pellet-style of ammunition (shown below) and 
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were capable of producing very loud explosions. 
Some pellet canes contained a magazine that would 
feed the pellets, which thus allowed for rapid firing. 
It has been said that grumpy old men used these 
canes to scare away annoying children as well as 
bothersome animals such as stray dogs. 


The primary constituents of these cane torpedoes 
were potassium chlorate and antimony(III) sulfide. 


TOY CAP DART - (Also toy cap bomb) — In modem 
times, toy cap bombs have mostly been made the 
form of a blunt headed dart-like device, which, hav- 
ing been loaded with a toy cap, produces a bang 
when the dart impacts a hard surface. Relatively re- 
cent versions of toy cap darts (shown below) are 
made out of pot metal. Older versions of this device 
tended to be made of cast iron or combinations of 
wood and stamped metal of thinner gage tinplate, and 
they sometimes had fins made from turkey or other 
bird feathers. 


[ 


This device is loaded by rotating counterclockwise 
and slightly withdrawing its blunt tip to open a gap 
between the tip and the rear portion of the dart (be- 
low, yellow arrow). A toy cap, either as a dot or as 
cut from a roll of caps, is inserted into the opening 
and the tip rotated clockwise to close the opening. 
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The device operates by tossing it some distance into 
the air; then as it falls, it orients itself tip first. When the 
dart hits a firm surface (e.g., pavement), the dart tip, 
which is free to move slightly, compresses the toy 
cap between the tip and the rear portion of the dart. As 
a result, the toy cap explodes with a delightful bang. 


Although not as popular as they once were, toy cap 
darts are still available. For the version shown below, 
the bulk of the metal of the older versions has been 
replaced with plastic. The tip needs to be unscrewed 
and removed for loading a toy cap. When the small 
metal tip of the dart impacts a solid object, the toy 
cap explodes. 
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TOY CAP GUN - A toy gun designed to explode toy 


caps in one form or another. Early versions of toy cap 
guns used sheet caps (with perforations to aid in their 
removal) from which individual caps needed to be 
torn. These cap guns were made of metal and only 


Modern toy cap guns that fire roll caps are provided 
with an advancing mechanism designed to fire a cap 
with each pull of the trigger. This mechanism is 
based directly on the Maynard tape primer system, 
which dates to 1845. 


Initially, these cap guns were also made of metal, but 
eventually they were replaced with plastic versions, 
as in the example shown below. 
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TRACE (purity) — A tiny quantity of an impurity pre- 
sent in the total amount of material. For chemicals al- 
lowed to be present in consumer firework composi- 
tions in the US, a trace of a prohibited chemical is al- 
lowed if it is present in a quantity less than 0.25% by 
weight. 
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TRACER — A small-arms bullet or artillery shell that 
includes a brightly-burning pyrotechnic composition 
providing a visual indication of the trajectory of the 
projectile after it is fired. Typically, the tracer com- 
position is loaded into the rear end of the projectile 
and is ignited as the ammunition is fired. 


Another version of the toy cap gun fired disc caps, 
with a set of 6 caps on a paper disk approximately 
inch (19 mm) in diameter. A mechanism in the cap 
gun advanced the disk 1/6 of a rotation with each pull 
of the trigger, to bring an unexploded cap into posi- 
tion for firing. A modern version of this type of cap 
gun fires ring caps, which typically have 8 caps 
formed in a series of plastic cups in a ring (shown be- Formulation — Parts by Weight 

low). These caps replaced disc caps, and they tend to Ingredient | 
produce significantly louder sounds. ; 

SACU 


Tracer composition: Tracer compositions must be de- 
signed to withstand the velocity, rate of spin and ac- 
celeration of artillery shells or small-arms bullets that 
incorporate it. Formulations that produce red (1), yel- 
low (2), green (3) and white light (4), along with two 
ignition mixtures (5 and 6) are presented below. 


a) Barium oxalate [BaC2O,] {CAS 516-02-9}. 

b) For identification. c) Binder/fuel not specified. 
1,2 and 4) Shidlovskiy, 1964. 3) Ellern, 1968. 

5 and 6) Encyclopedia of Explosives. 


TRACKING FLARE — A relatively long-burning pyro- 
as : technic composition used for visual or instrumental 


; tracking of missiles. 
TOY, PYROTECHNICALLY-ACTIVATED — See special- 


ty item (fireworks). TRADE NAME (chemical) — See technical name; chem- 


ical name, inorganic or chemical name, organic. 
TOY ROCKET — See model rocket. 


TRADITIONAL JAPANESE AERIAL SHELL FIRING — 


TOY SMOKE DEVICE — See smoke device, toy. See aerial shell firing, traditional Japanese. 


TRA — Abbreviation for Tripoli Rocketry Association. TRAGACANTH — See gum tragacanth. 


TRACE (curve) — See profile. TRAIL or TRAILING — See aerial shell name and de- 
scription (specific). 
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TRAILER, FIREWORK MORTAR -— See mortar trailer. 


TRAIL POWDER (special effect) — A granular material 
used to simulate the effect of a burning trail of Black 
Powder. For theatrical purposes, trail powder is formu- 
lated to burn slower than actual Black Powder. This is 
often accomplished by using a charcoal-rich (i.e., fuel- 
rich), rough Black Powder that has been granulated. 


TRAIN WRECK (fireworks) — See front. 


TRAJECTORY -— The flight path traced by an object 
under power or as a result of an initial stimulus. 


TRAJECTORY GARNISHMENT — See aerial shell en- 
hancement technique (rising effect) 


TRAMP WIRE — See wire, electrical. 


TRANSDUCER — A device capable of responding to 
one form of energy and transforming that energy into 
another form of energy. Often, a transducer converts 
non-electrical energy into electrical energy (an elec- 
tric signal) for the purpose of transmitting and re- 
cording that information. Examples include a micro- 
phone, which transforms acoustic energy into electri- 
cal energy and a loudspeaker, which transforms elec- 
trical energy into acoustic energy. 


Transducers are often important in measuring pyro- 
technic and explosive events. 


TRANSFORMATION (fireworks) — See aerial shell 
name and description (specific) (firefly). 


TRANSFORMATION COMET - See comet type. 


TRANSFORMATION EFFECT (fireworks) An effect 
whereby the performance of a firework or group of 
fireworks intentionally, and conspicuously, changes 
to produce an esthetic or dramatic enhancement. 
There are several ways in which transformation ef- 
fects can be produced. 


Some firework compositions inherently produce 
transformations as they burn. Examples are senko 
hanabi, glitter and the firefly effect. 


In other instances, transformations are produced by 
the sequential burning of different compositions in 
the same firework. For example, a transformation 
fountain or gerb might be charged with two layers of 
composition such that the performance changes from 
producing dim orange carbon sparks to producing 
brilliant white titanium sparks. Another example is 
given by color-changing stars, in which layers of dif- 
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ferent color compositions burn sequentially. Yet an- 
other example is given by comets (see comet type) 
that change their effect at or near the top of their tra- 
jectory. These comets may be cavity comets, in 
which the cavity is filled with a composition produc- 
ing a contrasting color or effect. Another manner of 
construction is used in a type of married comet in 
which the comet compositions burn in sequence. 


The third way in which transformation effects can be 
produced is simply to have different fireworks burn 
sequentially in a coordinated manner. This type of 
transformation is very commonly seen in firework 
wheels. 


Historically, elaborate transformation effects have 
been implemented in complex lancework set pieces 
in which the image produced changed dramatically 
during the performance. Typically, a somewhat elab- 
orate pattern, such a depiction of a complex array of 
flowers and foliage, might transform into a simpler 
and very different pattern, such as a portrait of a well- 
known person. This was achieved by ensuring that 
some lances would burn out at a precisely-controlled 
time, and that some of the other lances would change 
color at that same time. Much skill was required to 
achieve the precise burn times required to produce an 
effective transformation of this type. 


TRANSIT — See theodolite. 


TRANSITION EFFECT (fireworks) — See ¢transfor- 
mation effect. 


TRANSLATIONAL MOTION — Movement in which 
there is a net displacement of an object from one lo- 
cation to another. This motion may be along a rela- 
tively straight line between the locations (such as a 
rocket) or it can be randomly directed (such as a ser- 
pent insert in a firework device). 


TRANSONIC FLOW - In aerodynamics, the flow of a 
fluid over a body in the range just below and just 
above the local acoustic velocity, which is usually 
considered to be between Mach 0.9 and 1.1. 


TRANSONIC VELOCITY — See sonic velocity type. 

TRANSPIRATION COOLING — See nozzle cooling. 

TRANSPORTATION — The process of moving a load of 
pyrotechnics or explosives on a public thoroughfare 
(e.g., highway, railway, waterway or by air). Such 


transportation is subject to legislative and regulatory 
control. 
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TRANSVERSE AXIS — See axis of rotation (general). 
TRANSVERSE CROSS SECTION — See cross-section. 
TRANSVERSE SPEED OF SOUND - See speed of sound. 
TRAPEZOIDAL MORTAR - See pan mortar. 
TRAUMSTERNE - See ice fountain. 


‘TRAUZL LEAD BLOCK TEST and TRAUZL TEST — See 
explosive output test. 


TRAVERSE — See barricade. 


TREMALON and TREMOLANTE - See glitter effect. 


TRIAMINO-GUANIDINE NITRATE — [CH»N703] — 


{CAS 4000-16-2} — (Abbreviated TAGN). 


Triamino-guanidine nitrate is an ingredient in some 
gun propellants. It is colorless as crystals and white 
as a powder. 


Structural 
formula: 


Characteristic (a)| 


(d) = decomposes. 
a) Code for reference source, see preface. 
b) Confined with a density of 0.95 g/cm®. 


Health Information: TLV: none established. A possi- 


ble mutagen based on tests on human, animal and 


bacteria cells. 


TRIAMINO-TRINITRO-BENZENE — [CoHeNoOo] — 


{CAS 3058-38-6} — (Abbreviated TATB or TATNB). 


Triamino-trinitro-benzene is a somewhat less power- 
ful explosive than RDX (i.e., hexahydro-1,3,5-trinitro- 
triazine), but it is more powerful than TNT (i.e., tri- 
nitro-toluene). It is extremely insensitive to shock, 
vibration, fire or impact. Because triamino-trinitro- 
benzene is so difficult to detonate by accident, even 


under severe conditions, it has become preferred for 
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applications where extreme safety is required, such as 
the explosives used in nuclear weapons and in low- 
vulnerability ammunition. Triamino-trinitro-benzene 
is bright yellow in color. 


Structural formula: 
(see benzene ring) 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health Information: TLV: none established. 


TRIANGLE CRACKER -— See exploding ground fire- 


work, non-US. 


TRIANGLE DIAGRAM — A convenient method to chart 


the relative proportions of three components in a 
mixed population. For a pyrotechnic composition, the 
components would be the ingredients (i.e., chemicals 
or mixtures of chemicals). The appearance of a triangle 
diagram is illustrated below. 
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Any of the possible combinations of ingredients A, B 
and C can be represented by a point inside the triangle 
diagram. Using different symbols, the performance of 
many different formulations can be recorded. This can 
be useful in refining formulations or when presenting 
the results of many experiments for publication. 
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A single point on the triangle diagram representing 
the relative proportions of the three ingredients is de- 
termined as follows. Each corner of the triangle cor- 
responds to 100% of the ingredient listed (and 0% of 
the other two ingredients). For example, in the illus- 
tration above, the lower left corner corresponds to 
100% of ingredient A. The side of the triangle oppo- 
site the A corner corresponds to 0% A. Each of the se- 
ries of lines parallel to the 0% A side of the triangle 
corresponds to an amount of A between 0 and 100%, 
as indicated by the scale printed along the side of the 
triangle ending with 100% at the A corner of the dia- 
gram. (In the example above, that scale is the one 
printed along the bottom of the side of the diagram.) 
The percentages of the other two ingredients are 
found in the same way as that for A. 


The hollow green circle in the illustration above, rep- 
resents a composition with 40% A, 20% B and 40% 
C. Similarly, the solid red dot represents a composi- 
tion with 20% A, 50% B and 30% C. 


TRIANGLE FIRECRACKER — See exploding ground 
firework, non-US. 


TRIANGLE WHEEL — See wheel type. 
TRIATOMIC — See polyatomic. 


TRI-BASIC COPPER SULFATE — See copper(II) sul- 
fate—copper(I]) hydroxide (1/3). 


TRIBOCHEMICAL — The changes in the chemical 
structure of substances as a result of mechanical ac- 
tion (e.g., under the forces of friction or crushing.) 


TRIBOELECTRIC EFFECT — (Also frictional electricity) 
— One method to produce static electricity. When two 
dissimilar materials come in contact with each other, 
a transfer of electrons (i.e., charge) occurs between 
them. When the materials are separated, they retain 
that charge, such that one material becomes slightly 
positively charged and the other becomes slightly 
negatively charged. Rubbing causes repeated local- 
ized contact and separation of the surfaces. Thus, the 
charge separation process is enhanced when the ma- 
terials are rubbed together. This is how dangerous 
electrostatic potentials are often inadvertently pro- 
duced. The presence of a pyrotechnic material in the 
area of the electrostatic discharge can cause an acci- 
dental ignition. (See ignition sensitiveness.) 


TRICK CANDLE (wax) — See candle, birthday cake. 
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TRICK FIREWORK -— A firework that is surprising or 


that has a supposedly humorous application. See 
firework match and trick noisemaker. In US regula- 
tions, trick fireworks often classified as a novelty, a 
lesser hazard class than consumer fireworks. 


TRICK MATCH -— See match, firework. 


TRICK NOISEMAKER — A small firework item that 


produces a small report intended to surprise the user 
or a nearby observer. Examples include party pop- 
pers, pulling fireworks, torpedoes, cigarette loads and 
trick matches (see match, firework). 


TRICK TIRE BLOWOUT SIMULATOR - See auto-tire 


joker. 


TRIETHYLENE GLYCOL DINITRATE — [Ce6Hi2N203] — 


{CAS 111-22-8} — (Abbrevi- 
ated TEGN or TEGDN)- (Also 
2,2'-[1,2-ethane-diybis(oxy)]- 
bis-dinitrate or trigycol dini- 
trate). 


Triethylene glycol dinitrate is 
used as an energetic plasticizer 
in explosives and as a replace- 
ment for nitroglycerin in pro- 
pellants. It is a nitrated ester of 
triethylene glycol and is a pale- 
yellow liquid. 


Structural formula > 


Characteristic (a) 


a) Code for reference source, see preface. 


Health Information: TLV: none established. 


TRIGYCOL DINITRATE — See triethylene-glycol dini- 


trate. 


TRIHYDROXY-BENZOIC ACID — [C7H«O;] — {CAS 


149-91-7} — (Also 3,4,5-trihydroxy-benzoic acid or 
gallic acid). 


Trihydroxy-benzoic acid (also described as gallic acid) 
has been used in combination with potassium chlo- 
rate as a whistle composition that is very sensitive to 
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impact and friction. Trihydroxy-benzoic acid occurs 
in small quantities in a range of plants and plant 
products, but it is principally obtained from gallnuts, 
which are small spherical growths produced on vari- 
ous plants in response to attacks by parasitic insects. 
Trihydroxy-benzoic acid is colorless or slightly yel- 
low as crystalline needles, prisms or powder. 


Structural formula: 
(see benzene ring) 


Characteristic (a) 


(d) = decomposes to pyrogallol [CeHeOc]. 
a) Code for reference source, see preface. 


Health information: TLV: none established. 


UN hazard classification: not regulated. 
TRIHYDROXY PROPANE — See glycerol. 
TRIIRON TETRAOXIDE- See — iron(II, III) oxide. 
TRILEAD TETRAOXIDE — See /ead(II, IT, IV) oxide. 


TRINITRO-CELLULOSE [C6H702(NO3)3] — See nitro- 
cellulose. 


TRINITRO-GLYCEROL — [C3HsN309]— {CAS 55-63-0} 
— (Abbreviated NG) — (Also nitroglycerin, glycerol 
trinitrate, propane-1,2,3-triol trinitrate or blasting oil). 


Trinitro-glycerol is a high explosive with a long his- 


tory of use in dynamite and in various propellant 


types (e.g., double and triple based propellants). It is 
a nitric ester of glycerin. Trinitro-glycerol is very 
sensitive to shock and friction. It is a clear, colorless 
to pale yellow, viscous liquid of an oily character. 
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Structural formula: 


Characteristic Value | (a) 


(e) = explodes. 
a) Code for reference source, see preface. 
b) Ata density of 1.59 g/cm’. 


Health information: TLV: 0.05 parts per million. As a 
powerful vasodilator, its vapors cause a severe head- 
ache when breathed or when the liquid is absorbed 
through the skin. 


Historical: Trinitro-glycerol is an explosive discov- 
ered in 1846 by Italian chemist Ascanio Sobrero 
(1812-1888). It is produced by the nitration of glyc- 
erin. As it is a liquid, and especially because of its 
sensitiveness to accidental explosion, its use in blast- 
ing was highly problematic. These problems were 
overcome when Swedish chemist and armaments 
manufacturer Alfred Nobel (1833-1896) produced 
dynamite in 1866 by absorbing nitroglycerin on kie- 
selguhr (i.e., diatomaceous earth) and packaging the 
mixture in paper tubes (i.e., as ‘sticks’). In 1888 No- 
bel also patented a gelatinized mixture of nitroglycer- 
in and nitrocellulose (described as ballisite) as a dou- 
ble-based smokeless propellant for small arms. 


Nitroglycerin continues to be widely used in double- 
based and triple-based smokeless gun powders, it is 
still used in some dynamites (described as straight 
dynamite) and in some rocket propellants; it is not 
used in fireworks. 


2,4,6-TRINITRO-PHENOL — [CoH3N307] — {CAS 88- 
89-1} — (Abbreviated TNB) — (Also picric acid, trini- 
trophenol, picronitric acid, nitroxanthic acid, carba- 
zotic acid or phenol-trinitrate). 


2,4,6-trinitro-phenol was historically, and is still, 
commonly described as picric acid. In this entry, the 
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formal name 2,4,6-trinitro-phenol will be used, ex- 
cept when the context makes the common name more 
appropriate. 


2,4,6-trinitro-phenol was formerly used in colored- 
flame compositions to deepen the color and increase 
their intensity. It has also been used as a military high 
explosive, especially during World War I and to a 
lesser extent during World War II. In one method for 
its production, 2,4,6-trinitro-phenol is prepared by the 
nitration of phenol, first by treatment with sulfuric 
acid and then with nitric acid. 2,4,6-trinitro-phenol is 
yellow as crystals and as a powder. When in solution, 
it readily stains the skin and clothing yellow. It is 
poisonous and has an intensely bitter taste. 


Structural formula: 
(see benzene ring) 


(d) = decomposes. 
a) Code for reference source, see preface. 
b) Ata density of 1.7 g/cm?. 


Health Hazards: TLV-TWA: 0.1 mg/m’. Absorbs 
through the skin. 


In fireworks: 2,4,6-trinitro-phenol was formerly used 
to manufacture its potassium salt, commonly known 
as potassium picrate, which was used historically to 
produce whistle effects, especially in combination 
with potassium nitrate. The acid itself has been used 
as the only fuel for certain colored-fire stage effects 
for use indoors (e.g., in tableau fires). This is because 
compositions based on mixtures of 2,4,6-trinitro- 
phenol and strontium nitrate or barium nitrate alone, 
produce effective red or green flames with relatively 
little smoke. 2,4,6-trinitro-phenol has also been used 
to enhance colored star-compositions made with po- 
tassium chlorate. Such stars were found to be too 
sensitive to mechanical ignition for use in aerial 
shells, although they were considered safe for use in 
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firework rockets. Mixtures of 2,4,6-trinitro-phenol 
with potassium chlorate or other chlorates are unac- 
ceptably dangerous (and excessively expensive) by 
modern standards. Today, the use of 2,4,6-trinitro- 
phenol and its salts in fireworks is prohibited in many 
jurisdictions. 


Sensitiveness Issues: 2,4,6-trinitro-phenol has a long 
history of safe use in biology and chemistry laborato- 
ries (see ‘Historical’ below). Despite this, in recent 
decades, it has become common in the US for local 
fire departments and bomb squads to seize bottles of 
reagent-grade 2,4,6-trinitro-phenol from research and 
teaching laboratories and then to destroy them with 
explosives. This procedure is often rationalized with 
conspicuous statements in the public media to the ef- 
fect that picric acid (i.e., 2,4,6-trinitro-phenol) is an 
extraordinarily dangerous explosive and is liable to 
detonate by merely handling the bottle or unscrewing 
its lid. Such statements are not supported by scientific 
evidence. 


2,4,6-trinitro-phenol (i.e., picric acid) is similar to 
trinitro-toluene (i.e., TNT) in its explosive character- 
istics. Like TNT, it normally does not explode unless 
initiated by a detonator. TNT and 2,4,6-trinitro-phenol 
behave somewhat similarly in impact sensitiveness 
tests. 


If 2,4,6-trinitro-phenol were as sensitive as implied 
by some recent claims, it would have been impossible 
for it to have been handled as it was during its use as 
a military high explosive (see ‘Historical’ below). In 
this application, large quantities of dry 2,4,6-trinitro- 
phenol were first melted (it melts at 122 °C), and then 
cast into artillery shell casings. The filled shells were 
transported, often for long distances, and eventually 
fired from artillery pieces. The 2,4,6-trinitro-phenol 
in such a shell did not detonate until it was initiated 
by the internal detonator in the shell, which had been 
initiated by a time fuze or concussion fuze. 


As another example, dry picric acid (2,4,6-trinitro- 
phenol) was once sold as an over-the-counter phar- 
maceutical, to be used for the treatment of burn inju- 
ries and wounds (see ‘Historical’ below). 


Today, to enhance its safety in transport and han- 
dling, laboratory grade 2,4,6-trinitro-phenol is nor- 
mally a powder mixed with 10 to 30 percent water. 
This precaution is the same as for shipments of mate- 
rials such as nitrocellulose, yet it has tended to sup- 
port the belief that dry 2,4,6-trinitro-phenol is excep- 
tionally sensitive to shock and friction. 


Over time, obvious crystals of 2,4.6-trinitro-phenol 
can be formed, as the result of temperature cycling of 
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saturated solutions or by evaporation of some of the 
water. It has been claimed that such crystalline 2,4,6- 
trinitro-phenol is far more dangerous than the same 
material as fine powder. There is indeed scientific ev- 
idence for the sensitiveness of explosive crystals var- 
ying with their size. This crystal size effect is known 
to vary from one explosive to another (Armstrong, 
2005), but no data could be found for such a crystal 
size effect in 2,4,6-trinitro-phenol. 


Much has been made over the years about 2,4,6- 
trinitro-phenol crystals being caught in the threads of 
bottle lids and exploding when the lids are un- 
screwed. Even though there appears to be no scien- 
tific evidence of such explosions having been caused 
by 2,4,6-trinitro-phenol. One credible search (Phifer, 
2000) was unable to find any record of laboratory 
2,4,6-trinitro-phenol having caused any explosions, 
despite numerous claims about the extreme hazards 
associated with it. 


The metallic salts of 2,4,6-trinitro-phenol, commonly 
described as picrates, can be much more sensitive ex- 
plosives than the parent acid. It may be that some of 
the concern about crystals of 2,4,6-trinitro-phenol po- 
tentially being caught in the treads of metal bottle 
lids, may stem from the possibility of vastly more 
sensitive metal picrates having formed there. Also, 
anhydrous metal picrates are much more sensitive 
than hydrated forms of the picrate of the same metal, 
and the sensitiveness varies greatly from one picrate 
to another. For example, anhydrous nickel picrate is 
very much more sensitive than 2,4,6-trinitro-phenol, 
whereas ammonium picrate is slightly less sensitive 
than 2,4,6-trinitro-phenol (Hopper 1938, quoted in 
Davis 1943). 


Historical: 2,4,6-trinitro-phenol was evidently first 
produced in 1771 by the Irish chemist Peter Woulfe 
(1727-1803), who made a yellow dye by the action 
of nitric acid on indigo. The explosive properties of 
its potassium salt were not recognized until 1799 by 
French chemist Jean-Joseph Welter (1763-1852), 
who prepared it from the products of the nitration of 
silk. He also produced what would later be known as 
2,4,6-trinitro-phenol by treatment of the potassium 
salt with hydrochloric acid. In 1809 French chemist 
Michel Eugéne Chevreul (1786-1889) demonstrated 
that the compound produced in this way was an acid 
and that it contained nitrogen. In 1828 the German 
chemist Justus von Liebig (1803-1873) named it car- 
bazotic acid. In 1836 French chemist Louis Jacques 
Thénard (1777-1857) proposed that it be called picric 
acid from the Greek word mukpoc (pik' ros), meaning 
bitter. French chemist Auguste Laurent (1808-1853) 
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prepared 2,4,6-trinitro-phenol from phenol in 1841 
and proved that it was derived by the substitution of 
three nitro groups [NOz] for three atoms of hydrogen. 
He named it trinitro-phenic acid. 


The industrial production of 2,4,6-trinitro-phenol, 
ammonium picrate and potassium picrate was pio- 
neered in 1867 by French chemists Paul G. L. G. 
Designolle and John Casthélaz (1829-1892). That 
same year, Italian chemist Luigi Borlinetto (1827— 
1904), Professor of Chemistry at the University of 
Padua, investigated a mixture of potassium chlorate 
and picric acid as an explosive. It proved far too sen- 
sitive for practical use as an explosive, but as it 
burned with an intense white flash, it was suggested 
for use as a photo-flash powder. Borlinetto continued 
to experiment with explosive mixtures containing 
picric acid. One such mixture, consisting of 10 parts 
picric acid, 10 parts potassium nitrate and 8.5 parts 
potassium dichromate, was said to be comparable to 
the best sporting gunpowder (Chemical News, 1867), 
but it was too expensive to be a commercially attrac- 
tive replacement for Black Powder. 


In 1871 the German chemist Hermann Sprengel 
(1834-1906) proved that 2,4,6-trinitro-phenol could 
be detonated. French chemist Francois Eugéne Tur- 
pin (1848-1927) took out a patent in 1885 for the use 
of picric acid as an explosive. In 1886 the French 
military began using a mixture of 2,4,6-trinitro- 
phenol and nitrocellulose (described as melinite) ini- 
tiated by a detonator as a bursting charge in high- 
explosive artillery shells. Later, essentially pure 
2,4,6-trinitro-phenol (described as lyddite) was de- 
veloped for the same purpose in Britain. By the time 
of the Russo-Japanese War of 1905, 2,4,6-trinitro- 
phenol was the most widely used military explosive. 
It had the disadvantage of being highly corrosive to 
the metal of the artillery shells. To prevent this corro- 
sion, and the consequent formation of sensitive metal 
picrates, which would make the shells dangerously 
unstable, the inside metal surface of the shells had to 
be protected in some way. This was accomplished by 
a heavy coating of varnish or some other non- 
metallic lining, or a coating with tin (a metal that 
does not react with 2,4,6-trinitro-phenol). This re- 
quirement added to the cost and complexity of manu- 
facture. 2,4,6-trinitro-phenol was extensively used as 
a military high explosive in World War I, but its use 
declined in subsequent conflicts, and it is now obso- 
lete. Its ammonium salt (ammonium picrate), also 
called explosive D, was used in armor-piercing artil- 
lery shells specifically because it was an exceptional- 
ly insensitive explosive and could withstand the pres- 
sures and jarring conditions exerted on such shells. 
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Just before the turn of the 
19" century, picric acid 
found use as a disinfectant, 
either applied as a solution, 
or sprinkled as a dry pow- 
der on burns and other 
wounds. An example of a 
picric acid powder contain- 
er is shown to the right. 


Today 2,4,6-trinitro-phenol 
(1.e., picric acid) occupies 
an unusual position among 
the chemicals used in 
chemistry and biology la- 
boratories. It is one of very 
few laboratory chemicals 
that has also been used ex- 
tensively as an explosive. Another such chemical is 
ammonium nitrate, which although capable as a pure 
substance of being detonated, in practice is almost 
always mixed with other substances for use as an ex- 
plosive. Aqueous and alcoholic solutions of 2,4,6- 
trintrophenol have found extensive use in biology la- 
boratories as a component of histological stains, and 
in biological fixatives for tissues to be used for histo- 
logical analysis. It has also been used in analytical 
chemistry and as an etchant in metallurgy. 


TRINITRO PHENYLMETHYL-NITRAMINE — Sce me- 
thyl-tetranitro-aniline. 


TRINITRO-TOLUENE — [C7HsN30¢]— {CAS 118-96-7} 
— (Abbreviated TNT) — (Also 2,4,6-trinitrotoluene or 
2-methyl]-1,3,5-trinitrobenzene). 


Trinitro-toluene is a widely used, high explosive that 
can be either pressed as a powder or cast as a liquid 
into an intended shape or container. At one time, it 
was the most commonly used explosive in military 
ordinance. At present, trinitro-toluene is primarily 
used in mixtures with other high explosives. It is also 
frequently used as the standard to which other explo- 
sives are compared (see high explosive equivalence). 
Trinitro-toluene is very stable, is relatively insensi- 
tive and needs no phlegmatizers. It is pale yellow as 
crystals. 
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Structural formula: 
(see benzene ring) 


Characteristic 


(e) = explodes. 
a) Code for reference source, see preface. 
b) Ata density of 1.6 g/cm’. 


Health Information: TLV-TWA: 0.1 mg/m?; IARC-3: 
unclassifiable as to carcinogenicity. Absorbs through 
the skin. 


TRINITRO-TRIAZACYCLOHEXANE ~— See hexahydro- 
1,3,5-trinitro-1,3, 5-triazine. 


TRIP FLARE — See flare, military. 


TRIPHOSPHORUS PENTANITRIDE — See phospho- 
rus(V) nitride. 


TRIPLE-BASE POWDER and TRIPLE-BASE PROPEL- 
LANT — See smokeless powder type. 


TRIPLE BREAK and TRIPLE-BUBBLE SHELL — Sce 
multibreak aerial shell. 


TRIPLE POINT — That temperature and pressure com- 
bination at which a substance simultaneously exists 
in equilibrium in the liquid, solid and gaseous states. 


TRIPOLI ROCKETRY ASSOCIATION — (Abbreviated 
TRA) — (Also Tripoli) — An association of high- 
power and advanced-rocketry enthusiasts, both ama- 
teur and professional. For more information see: 
www.tripoli.org. 


TRIPOLITAN AMERICA’S HIGH-POWER ROCK- 
ETRY MAGAZINE — The bimonthly journal of the 
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Tripoli Rocketry Association that was published until 
July/August 1992. It then became High Power Rock- 
etry magazine, which has recently ceased publication. 
The bi-monthly publication, Rockets, is the current 
official magazine of the Tripoli Rocketry Association. 


TRI-ROTATING WHEEL — See wheel type (triangle). 


TRISODIUM HEXAFLUORO-ALUMINATE — See sodium 
hexafluoro-aluminate. 


TRISTEARIN — See glycerol tristearate. 


TRISTIMULUS VALUE — In color vision theory, the 
amount of the three primary light sources superim- 
posed to match the perception created by any light 
source. In the CIE colorimetric system, trichromatic 
values (X, Y and Z) refer to intensities of three hypo- 
thetical (1.e., ideal) light sources. Tristimulus values 
are used for specification of color stimuli. 


TRUNK (fireworks) — The rising-comet effect seen on 
palm tree shells and some other shells. 


TRUNK LINE (electrical) — A wire or cable of wires 
running from an electrical firing panel to the area 
where individual devices (e.g., fireworks) will be ig- 
nited, typically with an electric match. 


TRUNNION GUN — A special effect device used to fire 
a solid projectile (usually a glass marble or steel ball 
bearing) through a breakable object (usually a win- 
dow or auto glass) to simulate a bullet strike. The 
propelling charge contains an electric match and an 
appropriately sized explosive charge. The basic de- 
sign of a trunnion gun is illustrated below in cross 
section. 


Projectile 


Propelling 
Charge 


Base 
Firing Wire 


Much the same effect can be produced by firing the 
same type of projectiles using a manually fired Sweeny 
gun, but as a trunnion gun is smaller and can be care- 
fully prepositioned and aimed, then fired remotely, 
thus, it is better suited for confined spaces and when 
an operator cannot be readily concealed from view. 
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T STAR (T*) INSTABILITY — See instability, T star. 
TTS — Abbreviation for temporary threshold shift. 
TTW — Abbreviation for through the wall. 


TUBE ADAPTER and TUBE COUPLER - See body tube 
coupler. 


TUBE, SHOCK -— See shock tube (firing line) and shock 
tube (apparatus). 


TUBE TYPE, PAPER — There are essentially two ways to 
manufacture paper tubes, one produces so-called con- 
volute-wound tubes (also described as parallel-wound 
tubes) and the other produces spiral-wound tubes. 


TUBULAR POWDER — A type 
of propellant in the form of 
cylindrical granules, each 
with one or more longitu- 
dinal holes through it, as il- 
lustrated at the right. 


SMS» SES 


This type of powder is typically nitrocellulose-based. 
Itis manufactured by extruding the propellant through 
special dies; this is done to produce propellants with 
special burning characteristics (see propellant burning, 
type of). Such powder is often designed for use in 
military artillery pieces. 


TUMBLE MIXING or TUMBLE METHOD — See mixing 
method. 


TUMBLING EFFECT — See Magnus force. 


TURBULENCE — The state of fluid flow in which the 
instantaneous velocities, in all directions, exhibit 
chaotic fluctuation. In turbulent flow, only statistical 
properties are readily subjected to analysis. 


TURBULENT BOUNDARY 
LAYER — That fluid layer in 
which the Reynolds stresses 
are much larger than the vis- 
cous stresses. When the 
Reynolds number is suffi- 
ciently high, there is a turbu- 
lent boundary layer adjacent 
to the surface exposed to the 
flow, as illustrated at the 
right. At greater distances 
from the surface, the flow 
becomes Jaminar. 


Distance above Surface 
Boundary Layer — 


Fluid Velocity 


Page 1279 


TURBULENT FLAME - See flame type. 


TURBULENT FLOW -— Fluid motion in which chaotic 
motions of part of the fluid are superimposed upon a 
simple pattern of flow. All, or nearly all, fluid flow 
displays some degree of turbulence and considerable 
heat energy may be dissipated in such flows. Sub- 
stantial turbulence is a characteristic of a flow in 
which inertial forces are greater than viscous forces. 
With liquid flow in pipes, typically, this may occur 
with a Reynolds number as low as 2300 and always 
occurs with a Reynolds number greater than 4000. 
With airflow over a flat plate or other object, the 
transition to turbulent flow normally occurs at Reyn- 
olds numbers between 10° and 10°. 


In the case of pipe flow, the Reynolds number is 
based on the diameter of the pipe, whereas in the case 
of flow over a flat plate or other object, it is based on 
the length of the plate or object. In some cases (e.g., a 
golf ball with its dimples), the boundary layer may be 
tripped into turbulence intentionally so that the pres- 
sure drag (see drag force) may be reduced in order to 
reduce overall drag, and in the case of airfoils, to in- 
crease lift. Contrast with laminar flow. 


TURNER and TURNING CASE -— See driver. 


TVC — Abbreviation for thrust vector control. See 
thrust vectoring. 


TWA -— Abbreviation for time-weighted average. See 
toxicology regulatory term (permissible exposure 
limit). 


TWICE-EXPLODING FIRECRACKER And TWICE- 
SOUNDING CRACKER - See firecracker, twice ex- 
ploding. 


TWIG BANG - See spit devil. 


TWINKLING — A pyrotechnic effect characterized by 
intermittent flashes of light that may be of differing 
size and brightness. Twinkling effects can be pro- 
duced by strobe and glitter compositions. Occasion- 
ally some carbon-based compositions (those not con- 
taining metals) that produce a scintillating effect 
(e.g., senko-hanabi) may be described as twinkling; 
even though the individual flashes of light may be 
less distinct or bright than those produced by glitter 
and strobe compositions. In addition, some gold or 
silver rain compositions may produce a modest twin- 
kling effect. 
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TWIST — The inclination of the spiral grooves in the 
barrel of a rifled firearm to the axis of the bore of that 
barrel. The degree of twist determines the speed of 
rotation of the projectile. In the US, the units of twist 
are commonly inches per revolution. 


TWISTED PAPER FUSE — See Chinese tissue-paper 


fuse. 


TWO-COMPONENT EXPLOSIVE and TWO-COM- 
PONENT SYSTEM -— See binary explosive. 


TWO-COMPONENT THEATRICAL EXPLOSIVE — See 
binary pyrotechnic composition. 


TWO-PHASED FLOW - See flow type (rocketry). 


TWO-SHOT REPEATER (fireworks) — See firecracker, 
twice exploding. 


TWO-STAGE SILVER JET (fireworks) — See helicop- 
ter, firework. 


TWO-STAGE ROCKET — A rocket with two propulsion 
systems; each system is in a separate stage and oper- 
ates separately and in sequence, powered its own 
propellant. (See rocket, multistage.) 


TYPE OF AERIAL SHELL — See aerial shell name and 
description (specific). 


TYPE OF BURNING — See burn type, pyrotechnic. 


TYPE OF FLAME EFFECT INSTALLATION — Sce 
flame effect installation, type of. 


TYPE (1, 2, 3, 4) MAGAZINE — See magazine, type 


of. 


TYPE OF PROPELLANT BURNING — See propellant 
burning, type of. 
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U — Symbol for internal energy. 

U — The symbol for atomic mass unit. 

UEL — Abbreviation for upper explosive limit. 
UFC — Abbreviation for Uniform Fire Code. 
UFL — Abbreviation for upper flammability limit. 


UFO — Abbreviation for unidentified flying object. 
See girandola. 


UK — Abbreviation for the United Kingdom. 


UK FIREWORK CLASSIFICATION — See firework 
classification (UK). 


UK HEALTH AND SAFETY EXECUTIVE — See Health 
and Safety Executive (US). 


UKRA — Abbreviation for UK Rocketry Association. 


UL and ULC-— Abbreviations for the Underwriter’s 
Laboratory and Underwriter’s Laboratory Canada. 


ULLAGE — The volume by which a container for a liq- 
uid falls short of being full. Such a volume is com- 
monly provided in a drum, tank or barrel to allow for 
expansion of the contents. 


ULLAGE ROCKET — See rocket type by function. 


ULTIMATE STRENGTH — The maximum stress (e.g., 
tensile, compressive or shear) that a material can 
withstand before failing. 


ULTRA-HIGH-SPEED WATER SPRAY SYSTEM — See 
fire suppression system, explosive. 


ULTRAMARINE — [a blue mineral pigment with the ap- 
proximate formula [Na7Al6SisO2483] — {CAS 1317-97- 
1 or 57455-37-5} — (Also ultramarine blue, C.I. pig- 
ment blue 29 or sodium alumino sulfosilicate; natural 
lazurite) 


Ultramarine is a flame color-agent for yellow flames, 
but the color can be somewhat weak; compositions 
containing ultramarine often produce much ash. None- 
theless, ultramarine is one of the very few yellow- 
flame color-agents without moisture-related storage 
problems. It is suitable for ammonium perchlorate- 
based compositions, especially when they contain 
magnesium. Ultramarine is a beautiful blue powder. 
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It can be used to produce effective bright blue dust 
clouds for daylight firework effects by dispersing it 
from an aerial shell by means of a small to moderate 
flash-powder charge. 


[Characteristic —_| 


Value | (a) 


a) Code for reference source, see preface. 


Health information: TLV: none established. The nui- 
sance standard can be used: TLV-TVA: 10 mg/m? 
(total dust), 3 mg/m? (respirable dust). 


UN hazard classification: not regulated. 
ULTRAMARINE YELLOW -— See barium chromate(V1). 


ULTRAVIOLET LIGHT and ULTRAVIOLET RADIATION 
— See light spectrum. 


ULTRAVIOLET SPECTRUM - See light spectrum. 


UMBILICAL — (Also umbilical cord or umbilical con- 
nector) — Any of the servicing electrical or fluid lines 
between the ground or launch tower and an upright 
rocket vehicle before the launch. 


UN — Abbreviation for the United Nations. 


UNBARRICADED — The absence of a natural or artifi- 
cial barricade around or between explosive storage 
areas or another facility. 


UNCONFINED DETONATION VELOCITY — The deto- 
nation velocity of an explosive material without con- 
finement, for example, a charge fired in the open air. 


UNCONFINED EXPLOSION — An explosion occurring 
where the ambient pressure is constant, as in the open 
air. 


UNDERGROUND MAGAZINE — See magazine, explo- 
SIVE. 


UNDER-OXIDIZED — See fuel-rich. 


UNDERWATER FLARE — See flare (noun) and flare, 
military. 


UNDERWRITER’S LABORATORY — (Abbreviated UL) 
—A global safety consulting and certification company, 
with offices in 46 countries. It is a source for product 
compliance information This organization has tested 
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products for public safety in the US for more than a 
century. For more information see: www.ul.com. 


UNDERWRITER’S LABORATORY CANADA — (Abbre- 
viated ULC) — An independent, not-for-profit, product 
safety testing and certification organization that has 
tested products for public safety in Canada for more 
than 80 years. For more information see: www.ulc.ca. 


UNDESIRABLE CHEMICAL REACTION — See sensi- 
tiveness (chemical sensitiveness). 


UNGLAZED — Black Powder that has not had a graphite 
coating applied. See Black Powder manufacturing. 


UN HAZARD CLASSIFICATION — See /azard class. 
UN HAZARD CODE — See UN number. 


UNIFORM CHROMATICITY DIAGRAM —- A _ two- 
dimensional chromaticity diagram in which geomet- 
rical distances between points representing color per- 
ceptions correspond to their differing perceptual dis- 
tances. See color measurement (chromaticity dia- 
gram). 


UNIFORM FIRE CODE -— (Abbreviated UFC) — A doc- 
ument also known as NFPA | that covers inspection, 
investigation and review of many fire and life safety 
issues. For more information see: www.nfpa.org. 


UNIT, ACCEPTED NON-SI — Either as a matter of 
convenience or because of common usage, a number 
of non-SI units are accepted within the SI system. 
These are presented below. 


Unit Value in 
SI Units 


Quantity | Unit Name | Symbol 


Page 1282 


a) It is recommended that degrees be divided decimally 
rather than using the minute and second. 


b) In English speaking countries, this unit is usually de- 
scribed as the metric ton. 


UNIT, BASE SI — The base SI units are the meter, kilo- 
gram, second, kelvin, ampere, mole and candela. For 
more information and conversion factors, see the 
specific entries elsewhere in this text. 


ampere — (Symbol: A or amp) — The base SI unit of 
electric current. The ampere is defined as that con- 
stant electric current which, if maintained in two 
straight parallel conductors of infinite length, of neg- 
ligible circular cross-section, and placed one meter 
apart in a vacuum, would produce between these con- 
ductors a force equal to 2x10’ newton per meter of 
length. 


The old international ampere was that amount of 
steady current required to electroplate 0.001118 gram 
of silver from a silver(I) nitrate solution in 1 second, 
which equals 0.99985 ampere as it is currently de- 
fined. 


candela — (Symbol: cd) — The base SI unit of /umi- 
nous intensity, which is defined as that luminous in- 
tensity, in a given direction, of a point source that 
emits monochromatic radiation of the frequency 
540x10'? hertz (this corresponds to a wavelength of 
555 nm) and that has a radiant intensity of 1/683 watt 
per steradian. 


kelvin — (Symbol: K) — The base SI unit of thermo- 
dynamic temperature. One kelvin is 1/273.15 of the 
thermodynamic temperature of the triple point of water 
(32 °F, 0 °C). The triple point of water is that tem- 
perature at which solid, liquid and gaseous water exist 
in equilibrium. No degree sign (°) is used with the 
symbol K for values on the Kelvin temperature scale. 


kilogram — (Symbol: kg) — The base SI unit of mass. 
It was, until recently, defined as the mass of a certain 
prototype mass made of a platinum [Pt] and iridium 
[Ir] alloy housed in Sevres France. Other national la- 
boratories in various countries also have similar 
masses that have been compared directly to the proto- 
type. In the United States, kilogram #20 is used and 
periodically compared with other international stand- 
ard masses. In 2018 the definition of the kilogram 
was changed by the International Committee for 
Weights and Measures. From 20 May 2019, the kilo- 
gram is defined with reference to the Planck constant, 
which is deemed to be exactly 6.62607015 x 10* 
kg-m*-s'. One kilogram equals 1000 grams, which is 
approximately the mass of one liter of water at 4 °C. 
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meter — (Symbol: m) — (Also spelled metre in much 
of the world) — The base SI unit for length. The meter is 
defined to be the distance that light travels in a vacuum 
in 1/299,792,458 of a second. It was originally con- 
ceived to be 1/10,000,000 of the earth’s quadrant (from 
the equator to the North Pole). For many years, it was 
defined as the distance between two marked lines on 
a platinum [Pt] and iridium [Ir] alloy bar. 


mole — (Symbol: mol) — The base SI unit for the 
amount of a substance. The mole is defined as the 
amount of a substance that contains as many elemen- 
tary entities as there are atoms in 0.012 kilogram of 
carbon-12 ['°C]. As a number, one mole contains ap- 
proximately 6.023107 of the elemental entities, and 
this value is known as Avogadro’s number. When the 
mole is used as a unit, the type of elementary entities 
must be specified, and they may be atoms, molecules, 
ions, electrons, other particles or specified groups of 
such particles. 


second — (Symbol: s) — The base SI unit of time. 
One second is defined as the elapsed time correspond- 
ing to 9,192,631,770 periods of the radiation corre- 
sponding to the transition between two hyperfine levels 
of the ground state of the cesium-133 ['**Cs] atom. 
This current definition has superseded a definition as 
a certain fraction of the Tropical Year 1900. 


UNIT CONVERSION — Conversion factors (to three 
significant figures) for various units are located in the 
primary dictionary entries for those units. In the con- 
version tables of non-SI units (including metric but 
non-SI units), all conversion factors presented are to 
convert from the unit being described in that dictionary 
entry to various other units, with the first entry being 
for the conversion to the corresponding SI unit. 


In conversion tables for SI units, in recognition of the 
preference for SI units, all conversion factors are to 
convert from various other units to the SI unit (or an 
SI-approved multiple of the unit) being described in 
that dictionary entry. In either case, conversion fac- 
tors are presented for only a few of the most com- 
monly encountered units. 


UNIT, DERIVED SI — Derived SI units include the calo- 
rie, coulomb, farad, henry, hertz, joule, liter, lumen, 
lux, newton, ohm, pascal, volt and watt. 


In each case, an initial boldfaced, italicized term in- 
dicates that additional information is located else- 
where in this text as a separate entry. 


calorie — (Symbol: cal) — A metric (but non-SI) unit 
of thermal energy (i.e., heat). It is included because it 
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was so widely used in the past. In thermo-chemistry, 
one calorie equals 4.184 joules. 


coulomb — (Symbol: C) — The derived SI unit for 
the quantity of electricity. One coulomb is that amount 
of electricity transported in one second (s) by a cur- 
rent of one ampere (A) (i.e., 1 C = 1 A:s). The num- 
ber of electrons in one coulomb is 6.2415x10'%. 


farad — (Symbol: F) — The derived SI unit of electri- 
cal capacitance. One farad is the capacitance of a ca- 
pacitor in which a charge of one coulomb produces a 
potential difference of one volt (i.e., | F = 1 A-s/V). 


henry — (Symbol: H, h or hy) — The derived SI unit 
of electrical inductance. One henry is that amount of 
inductance in an electric circuit in which an induced 
potential difference of one volt is produced when the 
current changes at a rate of one ampere per second 
(i.e., 1 H=1 V's/A). 


hertz — (Symbol: Hz) — The derived SI unit of fre- 
quency. Frequency is the number of events or cycles 
of a repetitive electrical signal occurring during a 
specified time interval. One hertz corresponds to one 
event or one cycle of an electric signal occurring per 
second (i.e., 1 Hz = 1 event/s). 


joule — (Symbol: J) — The derived SI unit of work 
and energy. One joule is the amount of work done (or 
energy expended) when a force of one newton is ap- 
plied and produces a displacement of one meter in the 
direction of the applied force. It is also the amount of 
work done, or energy expended, when an electric cur- 
rent of one ampere passes through a resistance of one 
ohm for one second (i.e., 1 J= 1 N-m=1 W's). 


liter — (Symbol: L; in older literature the symbol may 
be 1) — (Also spelled litre in much of the world) — A 
derived SI unit of volume, which is most commonly 
used for liquids and gases. One liter corresponds to 
0.001 cubic meter (i.e., 1 L = 0.001 m? or 1x10? m’). 
A liter was formerly defined as | kg of water at its 
point of greatest density, 4 °C. 


lumen — (Symbol: 1m) — The derived SI unit of /umi- 
nous flux. One lumen corresponds to a luminous in- 
tensity of one candela (cd) emitted over one steradian 
(sr) (1.e., 1 Im = 1 cd‘sr). 


lux — (Symbol: Ix) — The derived SI unit of lumi- 
nance. One lux corresponds to an incident /uminous 
flux of one Jumen (Im) of electromagnetic radiation 
per square meter (m) (i.e., 1 Ix = 1 Im/m’). 


newton — (Symbol: N) — The derived SI unit of 
force. One newton is that force required to accelerate 
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a mass of one kilogram at a rate of one meter per 
second squared (i.e., 1 N = 1 kg-m/s’). 


ohm — (Symbol: Q) — The derived SI unit of electri- 
cal resistance. One ohm is that amount of resistance 
requiring the application of one volt (V) to produce a 
current of one ampere (A) (1.e., 1 Q = 1 V/A). 


pascal — (Symbol: Pa) — The derived SI unit of pres- 
sure. One pascal is that pressure that produces a force 
of one newton (N) on a surface of one square meter 
(m) (i.e., 1 Pa= 1 N/m’). 


radian — (Symbol: r or rad) — The derived SI unit of 
measure of a plane angle (i.c., an angle in a two- 
dimensional plane), which : 
equals 360/2n degrees or Are Length = radius 
approximately 57.3  de- 

grees. One radian is that 


angle with its vertex at the Puigle ~ = 
; 1 radian = 
center of a circle and sub- ~57 3° 


tended by an arc equal in 
length to the radius of the 
circle. See illustration at the right. 


siemens — (Symbol: S) — The derived SI unit of con- 
ductance, which replaced the unit mho. A potential 
difference of one volt will result in an electric current 
of one ampere to flow in a conductor with a conduct- 
ance of one siemens (i.e., 1 S = A/V). 


steradian — (Symbol: sr) — 
The derived SI unit of 
measure of a solid angle. A 
steradian is that solid angle 
with its vertex at the center 
of a sphere and enclosing 
an area of the spherical 
surface equal to the square 
of the radius of the sphere, 
as illustrated at the right. 
Note that a complete sphere equals 4 7 sr. 


volt — (Symbol: V or sometimes E) — The derived SI 
unit of electric potential. One volt is the electric po- 
tential difference between two points on a conducting 
wire carrying a current of one ampere (A) and resulting 
in the expenditure of energy at a rate of one watt (W) 
(i.e., 1 V=1 W/A). 


watt — (Symbol: W) — The derived SI unit of power. 
One watt is defined as the expenditure of one joule 
(J) per second (s) (1.e., | W = 1 J/s). 


UNITED NATIONS — (Abbreviated UN) — An interna- 
tional organization founded in 1945, currently made 


up of 193 Member States. The mission and work of 
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the United Nations are guided by the purposes and 
principles contained in its founding Charter. Various 
committees under the auspices of the United Nations 
have established standards for the testing and classi- 
fication of explosives and other hazardous materials. 


UNITED NATIONS COMPATIBILITY GROUP — See 
compatibility group. 


UNITED NATIONS HAZARD CLASSES -— See /azard 
class. 


UNITED NATIONS HAZARD CODE, UNITED NA- 
TIONS MARK and UNITED NATIONS NUMBER — 
See UN number. 


UNITED STATES CODE — (Abbreviated USC) — The 
set of federal statutes (i.c., laws) passed by the US 
Congress and upon which the US Code of Federal 
Regulations (CFRs) are based. 


UNIT, ENGLISH — (Also imperial system of measure- 
ment or foot-pound-second system) — In addition to the 
more modern SI and the derived SI units used almost 
exclusively in science, there is an older, parallel sys- 
tem usually described as English units. Although they 
are rapidly falling out of favor in most English- 
speaking countries, they are still commonly used in 
the US. 


In this system, the unit of length is the foot; the unit 
of force is the pound (avoirdupois); the unit of mass is 
the slug; and the unit of time is the second. In addition 
to these most common English units, there is a pleth- 
ora of other English units too numerous to include. 


In the following, common English base units are de- 
fined in terms of SI units; an initial boldfaced, itali- 
cized term indicates that additional information is lo- 
cated elsewhere in this text as a separate entry. 


foot — (Symbol: ' or ft) — An English unit of length 
(the plural being feet). One foot, which is 1/3 of a 
yard, exactly equals 0.3048 m. Thus, the inch, which 
is 1/12 ofa foot, is 0.0254 meter. 


pound (force) — (Symbol: lb or lbf) — An English unit 
for force. One-pound force (avoirdupois) approxi- 
mately equals 4.448 newtons (N). Its symbol lb is al- 
so written as Ibf (pound force) to unambiguously dis- 
tinguish it from Ibm, which is the pound mass. When 
a pound is a unit of force, the unit of mass is a slug. 


pound (mass) — (Symbol: Ib or Ibm) — An English 
unit for mass. One-pound mass (avoirdupois) approx- 
imately equals 0.454 kg, while the pound mass (Troy 
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or Apothecary) approximately equals 0.373 kg. Its 
symbol Ib is also written as Ibm (pound mass) to un- 
ambiguously distinguish it from the lb, which is the 
pound force. When a pound is a unit of mass, the unit 
of force is a poundal. 


poundal — (Symbol: pdl) — An English unit of force, 
in which the pound is a unit of mass. It is the force 
necessary to accelerate one pound of mass at one foot 
per second, per second (Ib- ft/s”). One poundal equals 
0.138 newton. 


slug — The English unit for mass, particularly for en- 
gineering work. One slug is approximately equal to 
14.59 kg. 


UNIT PREFIX — In the SI system, only those prefixes that 
are multiples of 10° are preferred. The metric system 
uses all of the preferred SI prefixes plus a number of 
others for multiples of ten between 107% and 10°. 
These prefixes are presented below. 


SI | Abbre- | Multi- || Other | Abbre- | Multi- 
Prefix | viation Prefix | viation | plier 


UNIT, HISTORICAL — Any of the multitude of weights 
and measures that were in use prior to the publication 
of the International System of Units (SI) in 1960. 


Various weights and measures were developed early 
in human history for various trade, religion and gov- 
ernmental purposes. Most early units were based on 
some sort of average of an easily obtainable standard. 
These units include the foot (based on the average 
length of a man’s foot), the cubit (based on the aver- 
age length of a man’s forearm), the inch (based on 
the length of a number of seeds of a grain or the 
width of a man’s thumb at its base), the mile (based 
on 1000 average paces and the yard (the distance 
from the nose to the tip of the outstretched hand). 


As life became wide-ranging and technology im- 
proved, more formal standards were needed. By this 
time, trade had progressed to where the buying and 
selling of various goods in standardized quantities was 
desirable. Governments or trade associations then 
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produced standards that could be widely used, either 
directly or by comparison with calibration standards. 


With the rise of science and technology also came the 
need for more precise and reproducible standards. 
Along with these needs, toward the end of the 18" 
century, came a realization that the customary units 
then in use were not ideal. The difficultly in making 
unit conversions eventually gave rise to the metric 
system. The metric system has now been standardized 
as the SI system of units (Systéme international d'u- 
nités). 

At the present time, nearly all customary units still in 
use have been re-defined in terms of units from the SI 
system. Many customary units are still in common 
use, and conversions are necessary to make them 
meaningful to the modern reader. This is especially 
the case when dealing with older writings that may 
use units that are now relatively obscure. 


One goal of the SI system is to allow any unit to be 
reproduced in any sufficiently well-equipped labora- 
tory. This goal has been achieved; all units are based 
on physical events that are in principle completely 
reproducible. 


UNIT, SI SUPPLEMENTARY — The supplementary SI 
units are the radian and the steradian. In 1995 the cat- 
egory ‘supplementary units’ was abolished from the 
SI system of measurement; they are now considered 
to be SI derived units. 


UNIVERSAL GAS CONSTANT - See gas constant. 
UNIVERSE (thermodynamics) — See thermodynamics. 
UNIVERSE I PART II - See firework, largest. 

UN MARK - See UN number. 


UN NUMBER — (Also UN mark or UN hazard code) — 
A four-digit number assigned to any hazardous mate- 
rial after classification in its transport packaging ac- 
cording to the methods prescribed in the ‘United Na- 
tions Classification and Testing of Dangerous Goods’. 
For fireworks, the relevant numbers are UN0333 (for 
1.1G), UN0334 (for 1.2G), UNO0335 (for 1.3G), 
UN0336 (for 1.4G) and UN0337 (for 1.48). The UN 
number should always be quoted as it uniquely iden- 
tifies an item and its hazard. 


UNOCCUPIED BUILDING — See building type. 


UNSATURATED POLYESTER RESIN — See polyester 
resin. 
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UNSLAKED LIME -— See calcium oxide. 
UNSTABLE EQUILIBRIUM — See equilibrium. 


UNSTABLE MATERIAL (reactive) — A chemical that, in 
the pure state or as produced or transported, will vig- 
orously polymerize, decompose, condense or become 
self-reactive when subjected to shock, pressure or 
temperature. 


UNTRAVERSED - See unbarricaded. 


UPPER EXPLOSION LIMIT and UPPER EXPLOSIVE 
LIMIT — See explosive limit. 


UPPER FLAMMABILITY LIMIT — (Abbreviated UFL) a 
See flammability limit. 


UPPER STAGE - Any stage in a multistage rocket, 
other than the first stage. 


UP-RANGE — The direction opposite from the expected 
direction of a projectile, which is described as down- 
range. 


In rocketry: Up-range refers to launching the rocket 
slightly into the wind (1.e., upwind) to have the rocket 
then drift back toward the launch area during the re- 
covery phase. 


In fireworks: Aerial fireworks are often aimed away 
from spectators for safety. In that case, up-range re- 
fers to the direction toward the spectators. 


US — Abbreviation for the United States. 

US BUREAU OF ALCOHOL, TOBACCO, FIREARMS 
AND EXPLOSIVES and US BATFE — See Bureau 
of Alcohol, Tobacco, Firearms and Explosives (US). 


US BUREAU OF EXPLOSIVES and US BOE — See 
Bureau of Explosives (US). 


US BUREAU OF MINES and US BOM] See Bureau 
of Mines (US). 


USC — Abbreviation for United States Codes 


US COAST GUARD and USCG — See Coast Guard 
(US). 


US CODE OF FEDERAL REGULATIONS and US CFR 
— See Code of Federal Regulations (US). 
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US CONSUMER PRODUCT SAFETY COMMISSION 
and US CPSC — See Consumer Product Safety 
Commission (US). 


US DEPARTMENT OF TRANSPORTATION and US 
DOT -— See Department of Transportation (US). 


US ENVIRONMENTAL PROTECTION AGENCY and 
US EPA - See Environmental Protection Agency 
(US). 


USE OF CATALYST — EFFECT ON BURN RATE -— See 
burn rate, factor affecting. 


USE PERMIT — A document issued by the authority 
having jurisdiction for the purpose of authorizing the 
use of specific pyrotechnic or flame effects in a spe- 
cific venue on a specified date and time or within a 
specified period. 


US FEDERAL AVIATION ADMINISTRATION and US 
FAA - See Federal Aviation Administration (US). 


US FEDERAL AVIATION REGULATION and US FAR 
— (Abbreviation FAR) — See Federal Aviation Regu- 
lation (US). 


US FIREWORK CLASSIFICATION — See firework 
classification (US). 


US MAGAZINE TYPE — See magazine type (US). 


US OCCUPATIONAL SAFETY AND HEALTH ADMIN- 
ISTRATION and US OSHA -— See Occupational 
Safety and Health Administration (US). 


US PIPELINE AND HAZARDOUS MATERIALS 
SAFETY ADMINISTRATION and US PHMSA — See 


Pipeline and Hazardous Material Safety Administra- 
tion (US). 


US STANDARD ATMOSPHERE - See standard atmos- 
phere (US). 


UTOTROPINE — See hexamethylene-tetraamine. 


UV LIGHT — Abbreviation for ultraviolet light. See light 
spectrum. 


UV SPECTRUM - (Abbreviation for ultraviolet light 
spectrum) — See /ight spectrum (ultraviolet spectrum). 
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V — The symbol for volt, the measure of electromotive 
force and for coefficient of variation. 


VAAR -— Abbreviation for vinyl-acetate-alcohol resin. 


VALENCE — An expression of the capacity of atoms or 
groups of atoms to combine in definite proportions. 
For example, the hydrogen atom only forms a bond 
with one other atom; accordingly, its valence is 1. 
Similarly, the carbon atom can form bonds with at 
most four hydrogen atoms, giving it a valence of 4. 
The methyl radical [CH3—] can form a bond with only 
one more hydrogen atom, so the methyl radical has a 
valence of 1. For charged atoms (i.e., ions) or ionic 
groups, valence is synonymous with the magnitude 
and sign of the charge. For example, barium ions 
[Ba?*] have a valence of +2, and chlorate ions [C1O; ] 
have a valence of —1. Accordingly, barium chlorate 
[Ba(ClO3)2] is formed with a ratio of two chlorate 
ions for each barium ion. Because chemical bonds are 
produced by the outer electrons in atoms, these elec- 
trons may be referred to as the valence electrons. 


VAN DER WAALS GAS LAW - See gas law. 


VAPOR — A gas at a temperature below its critical tem- 
perature, so that it can be condensed to the liquid or 
solid state by an increase of pressure alone. 


VAPORIZATION — See evaporation. 


VAPOR PRESSURE - The pressure exerted by the 
molecules of a given vapor at equilibrium in a closed 
container. For a pure confined vapor, it is the vapor’s 
pressure on the wall of its containing vessel at a given 
temperature; for a vapor mixed with other vapors or 
gases, it is that vapor’s contribution to the total pres- 
sure (i.e., its partial pressure). 


VARIABLE (mathematics) — A symbol used to repre- 
sent any one of a set of parameters under considera- 
tion. For example, aerodynamic drag force (D) acting 
on a rocket or aerial shell, the drag coefficient of the 
rocket or shell (Cuz), air density (p), the cross- 
sectional area (S) of the rocket or shell and the ve- 
locity of the rocket or shell (v) are a set of variables 
that are related through the equation: 


D=%-C,-p-S-v? 


dependent variable — In an equation, a variable for 
which the value is established as the collective result 
of the independent variables. In the equation above 
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for drag force, drag force (D) is the dependent varia- 
ble. 


independent variable — In an equation, those pa- 
rameters that can be freely adjusted mathematically. 
In the equation for drag force, each of the variables 
on the right side of the equation is an independent 
variable, although not all are easy to adjust physically. 
For example, the drag coefficient (Cz) can be adjusted 
by altering the shape of the rocket or shell. 


extensive variable — (Also extensive quantity or 
extensive property) — A variable for which the value 
is proportional to the amount of material present. For 
example, mass and volume are extensive variables. 


intensive variable — (Also intensive quantity or in- 
tensive property) — A variable for which the value is 
not dependent on the amount of material present. For 
example, density (p), which is the ratio of two exten- 
sive variables mass (m) and volume (JV), is an inten- 
sive variable: 


Pry 


VARIATION, COEFFICIENT OF — See coefficient of 
variation. 


VARIEGATED — See aerial shell name and description 
(specific). 


VARNISH GRADE ALUMINUM — See aluminum bronze 
powder. 


VASELINE™ — See paraffin (petroleum jelly). 


VASELINE™ HIT — A special effect occasionally used 
to simulate the penetration of a bullet or other projec- 
tile through a sheet of glass (or transparent plastic) 
without actually damaging the glass. It can be pro- 
duced by filling a capsule with petroleum jelly and a 
circular dot of black paper or plastic. When such a 
capsule is projected at speed onto a sheet of glass, the 
splatter of petroleum jelly will appear as localized 
damage to the glass, and the black dot will appear as 
a bullet hole. 


V-BLOCK METHOD — See VOP determination, method 


for. 


V-CAKE and V-BOX — See multiple-tube display type. 


VECTOR — Any quantity, such as force, velocity or ac- 
celeration, which has both magnitude and direction as 
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illustrated below (left). This is in contrast to a scalar 
quantity, such as speed or density, which only has 
magnitude. A vector that goes from point A to point B 
is represented by the letters AB with an arrow above 
them as illustrated below (right). 


¢ 


Magnitude 
> B 
Initial ais 
ra Point 
eo Direction A 


VECTORING, THRUST — See thrust vectoring. 


VECTOR PRODUCT -— (Also cross product or outer 
product) — A vector having a magnitude equal to the 
product of the magnitude of any two given vectors 
and the sine of the angle between their positive direc- 
tions. The direction of the vector product is perpen- 
dicular to the plane containing the original two vec- 
tors and, by convention, is given by the right-hand 
tule, where one points the forefinger of the right hand 
in the direction of the first vector and the middle fin- 
ger in the direction of the second. The direction of the 
vector product is indicated by the thumb. 


VEGETABLE BLACK - See carbon black. 
VEGETABLE GUM — See dextrin. 

VEGETABLE IVORY POWDER - See ivory nut powder. 
VEGETABLE SULFUR — See Lycopodium powder. 
VEHICLE — See medium. 


VELOCITY — A change in distance with respect to time 
in a specified direction. Velocity is a vector quantity 
that equals speed in the direction of motion. In non- 
technical conversation, velocity and speed are com- 
monly used synonymously. 


VELOCITY, CHARACTERISTIC — See exhaust velocity. 


VELOCITY OF DETONATION — (Abbreviated VOD) — 
The speed of the reaction front (i.e., shock wave) in a 
detonation. Typical velocities of detonation range 
from approximately 2,000 to 9,000 m/s (6,000 to 
28,000 ft/s). This term is frequently misused in situa- 
tions where it is unknown or even unlikely that prop- 
agation in the explosive is via a detonation wave. In 
those cases, the more general term velocity of propa- 
gation is appropriate. 
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confined detonation velocity — The detonation 
velocity of an explosive substance that is contained 
within a substantial container. 


stable detonation velocity — When the rate of ad- 
vance attains such a value that it will continue with- 
out increase or decrease through the remaining unre- 
acted material. 


When the actual detonation velocity is equal to or 
greater than the stable detonation velocity of the ex- 
plosive, the reaction is termed a high-order detonation. 
When it is lower, the reaction is termed a low-order 
detonation. (See VOD determination, method for.) 


VELOCITY OF PROPAGATION — (Abbreviated VOP) — 


A term occasionally used for the linear reaction rate 
in a pyrotechnic material. This term is valid for both 
a deflagration and a detonation, but it is most com- 
monly used for low explosives (i.e., pyrotechnics). 
(See VOP determination, method for.) 


VELOCITY OF SOUND - See speed of sound. 


VELOMETER — A device to measure the rate of flow of 


air through a duct. When air is being sampled, as, for 
example, to assess the exposure of an audience to 
combustion products of pyrotechnic special effects, it 
is important to know the volume of air being sam- 
pled. A velometer, such as shown below, will provide 
the needed information. 


<< 42 flew 


The instrument provides a flow rate (7), such as cubic 
feet per minute (CFM). Then, knowing the duration 
of the sampling interval (¢), one can calculate the to- 
tal volume (V) sampled: 


V=r-t 
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In a typical application, a velometer might be coupled 
to an air filter, which will then be analyzed for the 
particulate material collected. 


VELOSTAT™ — Polyolefin plastic that is heavily load- 
ed with conductive carbon. It is used as a conductive 
plastic to avoid potentially dangerous accumulations 
of electrostatic charge. Thus, Velostat can be used in 
the packaging of electrostatically-sensitive pyrotech- 
nic materials and devices. Unlike plastics treated with 
electrostatic dissipatives or that have conductive ma- 
terials applied to their surface, Velostat will conduct 
electrostatic charges through the plastic itself and not 
just across its surface. 


VENTED FLIGHT CYLINDER -— See flight cylinder. 


VENTED VESSEL — Any pressure vessel from which a 
contained gas flows. In its most basic form, a rocket 
can be considered a vented vessel. 


VENUE — A property, facility, building or room inside 
a building where an activity will potentially take 
place. This includes activities such as those using py- 
rotechnics, flame effects or other special effects. 


VERDIGRIS, CRYSTALLIZED — See copper(II) acetate 
monohydrate. 


VERMILLION — See mercury(I) sulfide. 


VERNIER ROCKET or VERNIER ROCKET ENGINE — 
See rocket engine. 


VERTICAL WHEEL — See wheel, firework. 
VERY LIGHT — See Very signal. 


VERY PISTOL — A common term for a pistol-shaped 
firing device for pyrotechnic illumination and signal- 
ing cartridges. 


Historical: The Very pistol was introduced in the last 
quarter of the 19" century and its invention is com- 
monly, but evidently quite wrongly, attributed to 
American navy lieutenant Edward Very (1847- 
1910), for whom it was named. The invention of the 
pistol and its adoption by the United States Navy was 
the subject of controversy, initiated by American in- 
ventor and entrepreneur Martha J. Coston (1826- 
1904). 


According to Coston, her son Captain Henry H. 
Coston, U.S.M.C. (1844-1896) developed a pistol for 
firing a cartridge that launched a pyrotechnic projec- 
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tile or shell high into the air, where it exploded to re- 
lease colored stars. Henry Coston filed a caveat on 
his invention (but not a full patent application) with 
the US Patent Office before leaving for duty with the 
Marine Corps. While Coston was away, Edward Very 
applied for a patent for a pistol discharging pyrotech- 
nic signals, but the patent was refused. Later, he was 
granted a patent (US 190,263, issued in 1877) for a 
cartridge for a signal pistol. Then, when Coston re- 
turned from his service, he completed his patent ap- 
plication and assigned it to his mother. The patent 
(US 197,399) was granted in 1877. It disclosed and 
claimed all the characteristics of what was to become 
known as a Very pistol, to the extent that Very’s car- 
tridge could not be used without infringing upon 
Coston’s patent. 


The British Navy conducted trials of the Very pistol 
in 1881, and it was introduced into service in 1887. It 
was subsequently adopted by armed forces around 
the world, and its use spread to civilian maritime op- 
erations. It remains in wide use to this day, but in 
many jurisdictions, it is subject to firearms regula- 
tions; in such places, it is often replaced by other aer- 
ial flares and signal rockets in civilian applications. 


VERY SIGNAL — (Also Very light) — An aerial signal 
flare deployed from a Very pistol. 


VESICANT (military) — (Also flesh injurant or blister 
producer) — Any chemical agent that is readily ab- 
sorbed by the skin and produces inflammation, burns 
and destruction of the affected tissue. 


VESSEL EXPLOSION — See explosion type, basic (me- 
chanical explosion). 


VESTA — See match, historical. 

VESTA CASE — See match safe. 

VESTA FUSEE MATCH — See match, fusee vesta. 
VESTA MATCH -— See match, historical. 
VESUVIAN MATCH - See match, Vesuvian. 


VIBRATION and VIBRATION WAVE — Sce ground VI- 
bration. 


VIEILLE EQUATION — (Also Vieille’s law, St. Rob- 
ert’s law or burn rate law) — An equation stating that 
the linear burn rate (7) of a pyrotechnic composition 
or propellant at constant temperature is equal to some 
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power (n) of the local pressure (P) times a constant 
(a): 
r=a-P" 


Here, a and n depend on the nature of the pyrotechnic 
material; a is sometimes described as the pressure 
coefficient and n as the pressure exponent (also as the 
pressure sensitivity or the combustion index). The 
pressure exponent n is independent of the system of 
units employed, but the pressure coefficient a is not. 
It has units of length/second/(pressure)”. If the pres- 
sure is measured in atmospheres, the pressure coeffi- 
cient can be easily determined experimentally; it is 
simply the linear burn rate at a pressure of one at- 
mosphere. The pressure exponent (”) can be deter- 
mined experimentally by making a minimum of two, 
but preferably many more, linear burn rate determi- 
nations at different pressures (i.e., at constant tem- 
perature). This can be accomplished using a closed 
bomb, such as a strand burner, pressurized with an 
inert gas. A strand burner, self-pressurized by com- 
bustion gases, can also be used. When the burn rate 
and pressure data from these tests are plotted as a 
log-log graph, a straight line should result (and must 
result if only two measurements at different pressures 
are made, which is why it is preferable to make 
measurements at more than two pressures). The slope 
of this line then gives the value of n. 


This equation was initially proposed by Italian mili- 
tary scientist, alpinist and entomologist, Paolo Bal- 
lada di Saint Robert (1815-1888), in a book pub- 
lished in 1874. It was independently proposed in 
1893 by French chemist, Paul Marie Eugéne Vieille 
(1854-1934), the inventor of a smokeless powder. 
The equation was originally entirely empirical, but 
subsequent theoretical work has implied that the rela- 
tionship between burn rate and pressure is expected 
to have this form. 


In some cases, the scatter of the experimental data 
points is such that the fitting a line to the data on a 
log-log plot gives no better correlation than does a 
simple linear fit. For example, in 2012 Indian scien- 
tist Himanshu Shekhar analyzed data from 8 sets of 
results for rocket propellants taken from two papers 
(published by other investigators) in which burning 
rates for each propellant were measured at 5 different 
pressures from 3 MPa to 10 MPa. Shekhar showed 
that the Vielle equation gave no better fit to the ex- 
perimental data than did the simple linear equation: 


r=r,t+s-P 
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Here, 7, is the burning rate in a vacuum, and s is the 
slope of the linear graph of burning rate as a function 
of pressure. This equation was originally proposed in 
1932 by French military engineer Henri Muraour 
(1880-1954). 


For compositions that do not burn in vacuum, 7, = 0 
and the Muraour equation becomes: 


r=s:P 


which is the Vieille equation when n = 1. The Vielle 
equation implies that the burn rate always approaches 
zero as the pressure approaches zero. 


In 1957 Soviet investigator K. K. Andreyev reported 
that for Black Powder, with the burn rate expressed 
in mm/s and over a pressure range of 2 to 30 atmos- 
pheres, a = 12.1 mm/s/atm?™ and n = 0.24 (Shidlov- 
skiy, 1964). This relationship is presented below: 


Burn Rate 


1 10 100 
Pressure (atm) 


The Vieille constants for compressed pellets of some 

other compositions, as determined in 1965 by Japa- 

nese researcher S. Mitzuo, are presented below 

(Shimizu, 1981), where the burn rate (7) is in mm/s 
and the pressure (P) is in atmospheres. 

a) 

| 1.4 


In this case, the burning rate for each composition 
was measured at only two pressures (0.2 atmosphere 
and 1.0 atmosphere). 


The mechanism by which burn rate increases with 
ambient pressure is the increased efficiency of thermal 
energy feedback at higher pressures. With increasing 
pressure, any flame produced will shrink in size and 
thus become a more concentrated source of radiated 
thermal energy, and it will be held closer to the burning 
surface. The effect of greater thermal energy feed- 
back is to decrease the time taken for each successive 
thin layer of composition to be raised to its ignition 
temperature, resulting in an increase in burn rate. 
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An example of the effect of increased pressure on a 
flame is shown below for a double-base, smokeless 
propellant. The flames are burning under pressures of 
1,2 and 3 MPa (approximately 150, 300 and 450 psi), 
from left to right, respectively. 


Photo credit: Naminosuke Kubota 


Many seemingly slow-burning compositions become 
fast-burning when strongly confined. Smokeless 
powders (i.e., nitrocellulose-based propellants) are 
especially good examples of the importance of the 
pressure exponent on burning behavior. A small trail 
of smokeless powder, such as used in small-arms 
ammunition, burns fairly slowly in the open, but 
when the same powder is ignited in the confined 
space of a weapon, it burns almost instantaneously. 


In rocketry: The Vieille equation constants (a and n) 
play a central role in determining chamber pressure 
(P-): 


P.=(K,p,aC*) 


Cc 


= (K,p,4 1G; aon 


Here, K;, is the propellant area ratio (i.e., the dimen- 
sionless ratio of the burning surface area of the pro- 
pellant to the minimum cross-sectional area of the 
nozzle); pp» is the density of the propellant (in units of 
mass/volume); C* is the critical velocity of the ex- 
haust gases (in units of length/second); and cq (in 
units of second/length) is the discharge coefficient of 
the nozzle (a function of the temperature and compo- 
sition of the combustion products). The discharge co- 
efficient cg is equal to 1/C*. 


VIME — Abbreviation for violent in-mortar explosion. 
VINEGAR NAPHTHA -— See ethyl acetate. 


VINSOL™ RESIN — [processed biological product] — 
{CAS 8050-09-7}. 


Vinsol resin is the trade name for a series of low-cost, 
dark, brittle, high-melting, thermoplastic natural res- 
ins that are useful as pyrotechnic fuels and binders. 
The resins are extracted from pinewood stumps, prin- 
cipally Pinus palustris. Vinsol resins are ruby red by 
transmitted light and dark brown by reflected light. 
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Characteristic (a) 


Formula weight 


Variable 


a) Code for reference source, see preface. 


Health information: The resin is a known sensitizer, 
so the nuisance dust standard is not applicable. If the 
product is heated or burned, the TLVs for the indi- 
vidual pyrolysis products such as acrolein, formalde- 
hyde and other aldehydes should be used or the 
NIOSH REL-TWA of 0.1 mg/ m? for the pyrolysis 
products as a whole can be used. NIOSH also lists 
these products as a carcinogen. 


UN hazard classification: not regulated. 


VINYL-ALCOHOL-ACETATE RESIN — (Abbreviated 
VAAR) - (Also polyvinyl-alcohol-acetate resin). 


Vinyl-alcohol acetate resin is occasionally used as a 
binder, especially in military pyrotechnic composi- 
tions. Vinyl-alcohol acetate resin solutions are typi- 
cally a mixture of approximately 30% solids and 70% 
solvent. The solids consist of approximately 20% hy- 
droxyl content by weight and 80% vinyl acetate. 
Most often, the solvent is technical grade methyl ace- 
tate ([CH;sCOOCHs] {CAS 79-20-9}). 


VIOLENT IN-MORTAR EXPLOSION — (Abbreviated 
VIME) — A recent and more technically correct term 
for the aerial shell malfunction commonly described 
as a shell detonation. While such shell malfunctions 
are quite dangerous, almost certainly these explosions 
do not meet the technical definition of a detonation. 


vIsco — An abbreviation for polyviscose, meaning a 
polymer made from cellulose. Nitrocellulose is an 
example of such a polymer. 


In fireworks: Visco is often used to refer to visco fuse, 
which is a water-resistant fuse used in consumer 
fireworks. Visco fuse apparently gets its name from 
the fact that it is coated with nitrocellulose that was 
first been dissolved in acetone (i.e., nitrocellulose 
lacquer). 


VISCOELASTIC — A material that exhibits both viscous 


and elastic properties upon application of a force. 
Viscosity is a property associated with liquids and 
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elasticity is a property associated with solids. Ac- 
cordingly, materials exhibiting viscoelasticity can be 
considered to be somewhat semi-solid. Plastics often 
demonstrate some degree of viscoelasticity. 


VISCO FUSE — (Also visco, cannon fuse, hobby fuse or 
firework safety fuse) — The familiar lacquer and cot- 
ton-thread covered fuse that is used on many con- 
sumer firework items. It varies in diameter from ap- 
proximately 1/16-inch (1.5 mm) to approximately 
1/8-inch (3 mm) in diameter, with 3/32-inch (2.2 mm) 
diameter being the most common. Some samples are 
shown below. 


Visco fuse has a thread-wrapped core of Black Pow- 
der and is coated with nitrocellulose lacquer that is 
usually colored green or occasionally red, although 
other colors have been used. Visco fuse often burns 
at a rate of approximately 0.4 inch per second (10 
mm/s). The general construction of visco fuse is illus- 
trated below. One characteristic that can sometimes 
be used to identify specific manufacturers of visco 
fuse is the number and color of powder-core threads. 


Central Powder Core Thread(s) 
Inner Thread Wrap 
Outer Thread Wrap 


[ Powder Core / 


Nitrocellulose 
Lacquer Coating 


The end view of a piece of 3/32-inch (2.2-mm) diam- 
eter visco fuse is shown below, where A is the pow- 
der core (notice that it is not well-confined to the cen- 
ter of the fuse), B identifies two of three powder core 
threads, C identifies threads of the inner and outer 
wraps, and D is the green lacquer coating. 
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The name visco is an abbreviation for polyviscose, 
meaning a polymer made from cellulose. An example 
of such a polymer is nitrocellulose, which is com- 
monly used to coat visco fuse after the nitrocellulose 
is first dissolved in acetone. Some current-production 
visco fuse is thought to be coated with other types of 
lacquer. 


Visco fuse is distinguished from Bickford fuse in that 
visco fuse is significantly externally burning, produc- 
ing a substantial amount of side fuse spit and is rather 
fully consumed as it burns. In spite of this feature, the 
fire front actually precedes the area of visible burning 
by as much as %4 inch (6 mm) or more. This can be 
hazardous to individuals who do not realize that a 
visco-fused device may function sooner than one 
might predict by looking at the burning fuse. 


Reportedly, when visco fuse is tightly enclosed and is 
not allowed to side-vent, it may sometimes behave 
like quick match and exhibit an uncharacteristically 
high burn rate, thus having the potential to cause a 
substantially premature ignition. 


Visco fuse can sometimes be difficult to ignite, espe- 
cially when using a punk, and some manufacturers 
dip the end of the visco fuse into a slurry prime (see 
prime application technique) to assist with its igni- 
tion. Caution is in order when several parallel lengths 
of visco fuse have been fastened together and dipped 
along their entire length in a slurry prime. This can 
sometimes result in a quick-match type of burning 
behavior, as fire races along the channel(s) remaining 
between the stands of fuse, potentially resulting in a 
substantially premature ignition. Slurry priming only 
at the end of a fuse or fuses is safer, as it does not 
present the potential for such quick matching behavior. 


The burn rate of visco fuse is dependent on the aver- 
age particle-size and particle-size distribution of the 
Black Powder used in its core. For example, one type 
of fuse that has the general appearance of visco fuse 
has a much greater burn rate, approximately 2 inches 
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per second (50 mm/s), about 5 times that of normal 
visco fuse. Such fast burning visco-like fuse has been 
described as vis-quick fuse and is made using a coarser 
and more narrowly distributed granular Black Pow- 
der in its core. In addition, some poor quality visco 
fuse that burns with high variation in its burn rate has 
occasionally been produced; this fuse is said to skip- 
burn or jump by occasionally having its burning skip 
(or jump) ahead an inch or more almost instantane- 
ously. Such fuse is most dangerous and must not be 
used. The table below is a comparison of the mesh 
fractions of normal functioning visco fuse, skip- 
burning (i.e., erratic) visco fuse and vis-quick fuse. 


Mesh 
faction 


+ 20 


=O.” | 1S. 


Visco fuse resists side ignition because of the lac- 
quer-coated wrap of cotton threads. The lacquer coat- 
ing, if reasonably heavily applied, also provides a 
significant degree of short-term moisture protection, 
which even allows the fuse to burn under water. A 
thick lacquer coating can also allow the burning front 
of the fuse to proceed significantly (perhaps by as 
much as 0.5 inch, 13 mm) where that burning is visi- 
ble on the exterior of the fuse. This characteristic, and 
the possibility of skip burning, makes the instruction 
‘Do not hold in hand’ an especially important warning. 


Visco fuse cannot be extinguished by simple pres- 
sure, such as by stepping on it or by the application 
of water. There is no effective way of extinguishing 
this fuse other than by severing it ahead of the actual 
burning point. 


Uses: Visco fuse, because of its reliability and re- 
sistance to accidental ignition, is commonly used as the 
primary ignition fuse on consumer fireworks. Visco 
fuse is occasionally used for chain-fusing between 
tubes in some multiple-tube firework devices. How- 
ever, it is more common to use a potassium chlorate- 
based fuse that superficially resembles Visco fuse 
and which has little resistance to side-ignition. This 
fuse is actually a modified form of Chinese tissue- 
paper fuse. Visco fuse is also used in Roman candles, 
whistles, fountains and other firework devices. 
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Visco fuse (often sold as hobby fuse or cannon fuse) 
has a number of other applications, including the firing 
of real and model cannons and as the ignition fuse on 
pest and predator control devices. 


Historical: Visco fuse has been used since the early 
20" century; for such a widely used product, it has 
proved surprisingly difficult to find information 
about its history. It was probably first manufactured 
by copying the general design of Bickford fuse, from 
which it differs in that it has no internal waterproof- 
ing layer and the walls of the fuse are so thin as to be 
consumed by the burning Black Powder core. 


VISCOSITY — The resistance to shearing of a fluid 
caused by internal friction. The coefficient of viscosity 
is the ratio of the shearing stress divided by the rate 
of change of the shear strain and has units of newton- 
seconds/meter squared (N:s/m’). Kinematic viscosity 
is obtained by dividing the viscosity by the density of 
the fluid. 


VISCOUS — A substance or material of high viscosity 
(i.e., one that is thick and poorly flowing). Some non- 
aqueously bound compositions are somewhat flowable 
and can be molded into casings. The compositions used 
to make rocket propellants or firework go-getters can 
be described as being highly viscous before curing. 


VISCOUS DRAG — See drag force. 


VISIBLE LIGHT, VISIBLE RADIATION and VISIBLE 
SPECTRUM - See /ight and light spectrum. 


VIS-QUICK FUSE — (Also fast-burning visco) — A fuse 
product that appears much like normal 3/32-inch 
(2.3-mm) diameter visco fuse, but it has a burn rate of 
approximately 2.0 inches per second (50 mm/s), 
which is approximately five times that of visco fuse. 
The fuse was developed for use on reloadable, con- 
sumer-firework aerial shells, because it is a much 
more predictable shell leader fuse than the very thin 
version of quick match that had previously been used. 
A reloadable consumer firework aerial shell using 
vis-quick fuse is shown below. 
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The fast burn rate of vis-quick fuse is primarily ac- 
complished by carefully selecting the granulation of 
the Black Powder used to make the fuse. The differ- 
ence in vis-quick granulation compared with visco 
fuse is shown below. 


The mesh fractions for visco and vis-quick fuse pow- 
ders are presented in the visco fuse entry. Vis-quick 
fuse uses almost exclusively fuse powder grains that 
are relatively coarse, which results in the presence of 
open fire paths in the core of the fuse. This allows the 
much more rapid advancement of the flame front 
along the powder core of the burning fuse (see burn 
type (propagative burning)). 


VITAMIN C — See ascorbic acid. 


VITON™ — The trade name for a series of fluoroelas- 
tomers based on the copolymer of vinylidene fluoride 
and hexafluoro-propylene, useful as a binder and 
fuel, especially in military pyrotechnics (e.g., in in- 
frared flares, see flare, military). 


VITON A — A copolymer composed of vinylidene fluo- 
ride (60%) hexafluoro-propylene (40%) copolymer. 


VIVACITY — The way in which a gun-propellant charge 
of a given composition and grain dimension behaves 
with respect to its mass burn rate during combustion 
under adiabatic conditions. Experimental measure- 
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ment in a closed-vessel (i.e., closed-bomb) test is 
used to determine vivacity. 


Charbonnier’s vivacity — A factor used in interior 
ballistic calculations, particularly those involving a 
pyrotechnic propellant. In these calculations, the rate 
of powder consumption (dm/dt) is considered to be 
equal to the product of Charbonnier’s vivacity (A), a 
form function (F) and the propellant’s pressure de- 
pendent linear burn rate (r), as determined from the 
Vieille equation. Thus: 


dm 
~ 2AtF«r 
dt 
For a given propellant, Charbonnier’s vivacity is in- 
versely proportional to the linear grain dimensions. 


VOD — Abbreviation for velocity of detonation. 


VOD DETERMINATION, METHOD FOR - Any of 
several methods used to measure the rate of an ad- 
vancing detonation wave in an explosive material. 


D’Autriche method — A low-tech method for the 
measurement of detonation velocity that pre-dates the 
availability of high frame-rate cameras and digital 
electronics. It involves the use of detonating cord 
configured as illustrated below in cross section. In es- 
sence, two ends of a piece of detonating cord are in- 
serted a known distance apart into a column of high 
explosive, such as a stick of dynamite. When the ex- 
plosive is detonated, the shock wave propagates 
along its length, first encountering and initiating one 
end of the detonating cord. Then, after the shock 
wave in the explosive has propagated further, it en- 
counters and initiates the other end of the detonating 


Detonator 


High 
Explosive Fuse 
Charge Mid-Point 


Shock 
Collision 
Point 


Lead Plate 


Detonating Cord 
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cord. At this time, two shock waves are propagating 
along the detonating cord, one from each end. If the 
detonating cord has been laid along the surface of a 
lead plate, the point where the two shock waves 
eventually collide will be witnessed by the lead plate 
as a point of increased deformation. 


Knowing the velocity of detonation (VOD) of the 
detonating cord (Dj), the distance between the points 
where the cord was inserted into the explosive col- 
umn (d;) and the distance from the midpoint of the 
cord to the point of collision of the two shock waves 
(dz), then the unknown VOD (D,) of the explosive 
column can be calculated using the relationship: 


D.=D, eae 
aa, 


While the D’Autriche method works well, it is 
somewhat cumbersome; in the current era of high- 
speed digital electronics, it has been replaced with 
easier methods. 


For slower explosives and powerfully deflagrating 
pyrotechnics (e.g., firework flash powders), a similar 
method using shock tube can be used in a modifica- 
tion of the D’Autriche method (See VOP determina- 
tion, method for (modified D’ Autriche method).) 


pin method — A method for measurement of deto- 
nation velocity using electronics and a digital storage 
unit, such as an oscilloscope. The basic setup is illus- 
trated below, where a column of explosive has a se- 
ries of pins inserted at known distances along its 
length. As the detonation front passes through the 
pin, a signal is sent to the oscilloscope. This allows a 
velocity to be calculated using the simple relationship 
v=d_/t, where v is detonation velocity, d is the dis- 
tance between the individual pins and ¢ is the time in- 
terval between pin signals. 


Detonator 


Electronic Signal 
Pin 1 Conditioner 


High — 
Explosive 


Charge — 


Oscilloscope 
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The pins tend to be of one of two basic types. One 
type of pin measures the electrical conductivity of the 
stick of explosive. As the reaction front (i.e., detona- 
tion wave) passes each pin, the ionized reaction 
products conduct electric current between two closely 
spaced conductors in the tip of the pin. The other type 
pin is effectively a single use (i.e., normally open) 
switch that closes (momentarily before being de- 
stroyed) by the high pressure associated with the pas- 
sage of the detonation front. 


coaxial tube method — (Al- Detonator 

so collapse probe method) — 

A method for measurement 

of detonation velocity using High 
electronics and a digital Explosive 
storage unit, such as an os- Charge 
cilloscope. The basic setup is Gaaxiat Tube 


illustrated at the right, where 
a column of explosive has a 
special coaxial tube attached 
to the outer surface of the ex- 
plosive (or placed internally 
for powdered explosives if 
that is more convenient). 


Oscilloscope 


The construction of the coaxial tube (also described as 
a collapse probe) is illustrated below in cross section. 
It typically consists of a small diameter electrically 
conductive metal tube (usually no more than approx- 
imately 0.08 inch, 2 mm, in diameter). Inside the tube 
and running axially is a resistance wire (usually a Ni- 
chrome wire). The wire is electrically insulated from 
the outer tube (often using a wide-spaced helix of 
thread) except for the very end of the probe where the 
resistance wire is connected to the outer tube. At the 
other end, the tube and central conductor are con- 
nected to signal lines. 


Inner Resistance Signal 
Wire To Oscilloscope 


Outer Tube Inert 


Spacers 


In preparation for use, a constant voltage source is 
applied between the tube and the central resistance 
wire, which causes a current to flow through the co- 
axial tube. The level of this current is monitored by 
the oscilloscope. When the explosive is detonated, 
the extremely high local pressure at the detonation 
front collapses the outer tube, which causes it to 
make electrical contact with the resistance wire with- 
in. In this way, the resistance of the unit decreases as 
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the shock front advances in the explosive charge. By 
monitoring the resulting increase in current with the 
passage of time (i.e., the slope of the oscilloscope 
trace), the velocity of detonation is established. 


VOLATILE — A material that is readily evaporable or 
that has a relatively high vapor pressure under stand- 
ard conditions. In recent times, the term is sometimes 
incorrectly used to describe a pyrotechnic or other re- 
active material. 


VOLCANO — Occasionally used to describe a consumer 
firework cone fountain (see fountain type (cone foun- 
tain)). It is also used for various contraptions that are 
supposed to simulate a real volcano and are occa- 
sionally used in primary schools as educational demon- 
strations. These devices may not contain pyrotechnic 
ingredients and may rely on the chemical reaction of 
such things as baking soda and vinegar. Historically, 
a number of pyrotechnic effects have been used, in- 
cluding the decomposition of ammonium dichromate 
and the spontaneous ignition a mixture of potassium 
permanganate and glycerin. Model volcanoes that 
contain pyrotechnics normally should not be used in- 
doors and considerable care must be taken. 


VOLCANO SNAKES - See snake. 


VOLKMANN POWDER - See powder type (collodin 
powder). 


VOLLEY -— See flight (fireworks). 
VOLLEY, LINE — See front (fireworks). 


VOLT — (Symbol: V or sometimes E) — The derived SI 
unit of electrical potential, named after Alessandro 
Volta (1745-1827). A potential difference of one volt 
causes a current of one ampere to flow through a cir- 
cuit that has a resistance of one ohm. One volt is the 
electric potential difference between two points on a 
conducting wire carrying a current of one ampere 
(A), which also results in the expenditure of power at 
arate of one watt (W). (See Ohm’s law.) 


VOLTAGE — (Also electric potential or potential differ- 
ence) — That attribute of electricity that induces the 
flow of an electric current. It is somewhat analogous 
to the pressure that causes water to flow through a pipe. 


VOLUMETRIC LOADING FRACTION — (Also volumetric 


loading density) — The ratio of the volume of propel- 
lant in a rocket motor to the chamber volume available. 
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VOP — Abbreviation for velocity of propagation. 


VOP DETERMINATION, METHOD FOR — Any of 


several methods used to measure the rate of the ad- 
vancing reaction in explosive material. The term is 
best applied to non-detonating explosives (i.e., low 
explosives). For high explosives, see VOD determi- 
nation, method for. 


strand burner method — (Also Crawford bomb 
method) — A small sample of propellant (or other py- 
rotechnic composition) in the shape of a strand that is 
burned in a chamber (i.e., a strand burner). An exam- 
ple of a strand burner is illustrated below in cross 
section. 


Viewing 
Window 
Test Strand 


a DN 
Inert Gas 


The chamber is pressurized with an inert gas, such as 
nitrogen or argon, with the strand being ignited from 
the top. To maintain a constant pressure and relative- 
ly constant temperature in the strand burner, a con- 
tinuous flow of pressure-regulated gas passes through 
the chamber. A somewhat typical strand of propellant 
might be 7 x 7 mm (4 x '% in.) square in cross- 
section and 70 mm (2.8 in.) in length. Commonly, the 
sides of the strand are coated with an inhibitor to cause 
burning only to proceed downward from the top end 
of the strand and not along the sides of the strand. 


To facilitate the measurement of the linear burn rate, 
a number of thin fuse wires are installed through the 
strand (illustrated below in cross section). As the 
strand burns, the fuse wires melt in response to the 
advancing burning surface. By monitoring the elec- 
trical conductivity of the fuse wires, the time of their 
melting is established. This time, plus knowing the 
distance between the fuse wires along the strand, al- 
lows the calculation of the linear burn rate of the 
composition. 
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Hot-Wire Igniter 


Fuse Wires 


<— Surface Inhibitor 


Test Strand 


<— Support 


By burning a series of strands at various chamber 
pressures, the pressure dependence of the burn rate 
can be determined (see Vieille equation). Similarly, 
when a series of strands are burned with various ini- 
tial temperatures in the chamber, the temperature de- 
pendence of burn rate can be determined. 


V-block method — (Also interstitial flame spread 
rate method) —This is essentially a powder-trail 
method, but in a standardized configuration that elim- 
inates many of the uncertainties that would otherwise 
be present. In this case, the powder is loaded into a 
device having a notch in the form of a 90-degree V 
running its length, as illustrated below. The length of 
the device used is determined by the velocity of 
propagation of the powder. Where a slow burning de- 
lay composition may only need a length of a few 
inches (a small fraction of a meter), a faster burning 
powder, like granulated Black Powder, would be bet- 
ter evaluated using a length of perhaps 3 feet (1 m). 


End Stop 
\j}-—_ 39.4 in. (1 m) — 
Li j 
Trough or V-block 
La Support Leg 4 
The powder is loaded into the V- 
notch and smoothed to fill the 


trough evenly, as illustrated at 
the right in cross section. 


The powder is ignited at one end 

of the notch and the time taken for its burning to 
propagate to the other end of the notch is measured. 
In some cases, this can be determined optically, while 
in other cases it may need to be determined electroni- 
cally. Knowing the length of the trough and the time 
of burning, the burn rate is calculated. When the 
powder is granulated and experiences propagative 
burning—in which the flame front races along the 
spaces between and around the grains (see burn type, 
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pyrotechnic)—the burn rate may be described as the 
interstitial flame spread rate. 


lead tube method — In this method the powder 
(typically a fine powder, e.g., — 100 mesh) is com- 
pacted into a relatively large diameter lead tube (per- 
haps 0.4 inch, 10 mm, ID). Then, the tube is repeat- 
edly compressed in a series of passes between roller 
dies of ever-smaller diameter. With each pass, the di- 
ameter of the tube is reduced, the length of the tube is 
increased, and the powder core is compacted. This 
process is completed when the ID of the tube has 
been reduced to perhaps as little as 0.06 inch (1.5 mm). 
At this point, an appropriate length of the tube is cut 
off and burned to discover the burn time. Knowing 
the length of the tube and the time of burning, the 
burn rate is calculated. 


modified D’Autriche method — A _ low-tech 
method for the measurement of propagation velocity 
(VOP) of exploding pyrotechnic compositions using 
shock tube in place of detonating cord. 


There are a number of reasons why the standard 
D’Autriche method (see VOD determination, method 
for) is poorly suited for use with pyrotechnic materi- 
als. Most importantly, pyrotechnic material (includ- 
ing flash powder) is not capable of producing the in- 
tense shock pressure needed to initiate detonating 
cord. Even if this problem were somehow overcome, 
the expense and effort required with the use of lead 
plates and the explosive output from the detonating 
fuse make the standard D’Autriche method less than 
desirable. 


For the most part, VOP measurements of powerfully 
exploding pyrotechnic compositions can be made by 
simply substituting standard shock tube (not Light- 
ning Thermo Tube) for detonating cord in the 
D’Autriche method and without using a lead plate to 
bear witness to the point of collision of the shock 
waves. In this case, the point of collision of the two 
shock waves is indicated by the burst point of the 
shock tube itself (examples are shown below). To al- 
low measurement of the collision point from the cen- 
ter of the length of the shock tube, it is important to 
mark the mid-point on the tube before the explosive 
is initiated since the explosion may destroy a short 
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section of shock tube at each point of attachment to 
the explosive column. 


The VOP in the pyrotechnic explosive charge may not 
be constant and the reaction front is likely to have an 
irregular and changing shape as it moves along the 
charge. Thus, it is desirable to have the benefit of sev- 
eral VOP measurements along the length of the charge. 
This can be accomplished by using any number of 
lengths of shock tube attached along the explosive. In 
attaching the shock tube to the charge of a powdered 
explosive, it is appropriate to cover the ends of the 
shock tube with a thin film of inert material. 


Because of operational difficulties, it is undesirable 
to have all the lengths of tube attached at the time the 
paper tube is filled with the explosive being studied. 
This problem can be largely eliminated, and the 
number of attachment points reduced to nearly half, 
by taking advantage of another characteristic of shock 
tube. 


Pieces of shock tube can be joined using a 1/8-inch (3 
mm) tubing tee as shown below. It is important to 
note that when a propagating shock wave encounters 
an inert gap, such as inside a tee, the strength of the 
wave weakens causing its velocity to be momentarily 
reduced. Thus, it is necessary to use a symmetric set- 
up, so that delays introduced when the shock waves 
cross various gaps in the tubing, will cancel each other. 


The problem with having numerous long lengths of 
shock tube attached to the paper tube when loading 
the pyrotechnic explosive can be reduced by initially 
only attaching a series of relatively short lengths of 
shock tube. Then, after the paper tube has been loaded 
with the pyrotechnic explosive, tees can be attached 
to the already installed short lengths of shock tube 
and other lengths of shock tube (with their mid-points 
marked, shown with an x below) can be attached be- 
tween the tees, as illustrated below. (Not shown is a 
barrier used to protect the tees and shock tube loops 
from damage when the device explodes.) 


When the pyrotechnic explosive is initiated, and the 
reaction front reaches the first shock tube attachment 
point, a shock wave begins to propagate down that 
end of the shock tube. When the shock wave enters 
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Initiator ibe Loop 


Explosive ee 
Charge >|4<4 
a 


Tubing Tee 


the tee, it initiates a shock wave in both pieces of the 
shock tube attached to the tee. One piece is the be- 
ginning of loop (a), and one piece is the beginning of 
a loop for the total length of explosive. This outer 
loop of shock tube provides a measurement of the 
VOP for the total length of explosive. It also provides 
the needed symmetry so that the timing of the pas- 
sage of the shock wave through the first tee will be 
the same as for all subsequent tees. 


When the reaction front in the pyrotechnic explosive 
reaches the second shock tube attachment point, a 
shock wave begins to propagate down that tube. At 
the tee on that line, shock waves are initiated into the 
end of loop (a) and the beginning of loop (b). At this 
time, provided loop (a) is sufficiently long, there will 
be two shock waves moving along it from opposite 
ends. The point where the two waves eventually meet 
will be revealed by a burst point in the shock tube. 


In this same way, as the pyrotechnic reaction front 
passes through the explosive charge, pairs of shock 
waves are initiated in each of the succeeding loops. 
At the completion of the experiment, after the explo- 
sive charge has been consumed, the lengths of shock 
tube are collected and the distance from each mid- 
point to its respective burst point is measured. 


Finally, if the propagation velocity of the shock tube 
(V;), the distance between the points where each 
shock tube was inserted into the explosive column 
(d), and the distance from the midpoint of the shock 
tube to the burst point produced by the colliding 
shock waves (d2) are all known, then the unknown 
VOP of the explosive column (V,,) between the points 
of shock tube attachment can be calculated from the 
D’ Autriche relationship: 


y, =v,{ 
| om 


VULCANIZER PATCH - See fire patch, pyrotechnic. 
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W — The symbol for watt. 
WADDING (rocketry) — See recovery device. 
WAFERBOARD - See oriented strand board. 


WAIVER - The official permission from the US Federal 
Aviation Administration (FAA) to allow rockets with 
more than 125 grams of fuel or weighing more than 
1500 grams to be flown into FAA controlled air- 
space. (See Federal Aviation Regulation (US).) 


WALL OF FIRE — A flame effect that consists of a long 
series of gas mines fired simultaneously or in rapid 
succession as part of an entertainment event. These 
displays have become almost obligatory at air shows. 
A small portion of one wall of fire is shown below. 


Photo Credit: Ron Gilbert 


In this case, the wall was 1200 feet (400 m) long, 
consisted of 120 explosive charges and containers of 
fuel. The line was fired by 50-grain detonating cord; 
each explosive charge was a 10-foot (3 m) coil of 
detonating cord; and the fuel was JP-8 jet fuel in a 
plastic bag. 


When a more sooty appearance is desired, an addi- 
tional fuel, such as heavy oil or naphthalene, can be 
dissolved in the primary fuel. The photo below on the 
left was taken shortly before the one on the right. 


Photo Credit: Ron Gilbert 


WALLPAPER PASTE — Any of several water-based ad- 
hesives intended for attaching decorative paper cov- 
erings to interior walls. Formerly, wallpaper paste 
was almost exclusively wheat paste, but modern 
wallpaper pastes are more typically composed pri- 
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marily of methylcellulose, often crosslinked with 
glyoxal (oxaldehyde) to make it more easily dispersi- 
ble in water. Wallpaper paste is commonly supplied 
as off-white flakes or chips that readily form an adhe- 
sive paste when poured slowly into the recommended 
quantity of vigorously-stirred cold water, stirred until 
dissolved and allowed to stand. The quantity of water 
and the standing time required varies from product to 
product and is specified by the manufacturer. 


In fireworks: Commercial wallpaper pastes are inex- 
pensive and have the advantages of soaking quickly 
into kraft paper and being very slippery. Both attributes 
make it near ideal for case rolling and for finishing 
(i.e., pasting) aerial shells, especially spherical shells, 
where many layers of pasted paper are required. A 
further advantage is that wallpaper pastes usually 
contain additives to prevent the growth of mold. 


WAREHOUSE -— A building used exclusively for non- 


pyrotechnic storage. See building type. 


WARHEAD (fireworks) — See firework rocket heading. 


WARIMONO SHELL — A hard-breaking, spherical, Jap- 


anese aerial shell that produces a wide, symmetrical 
spread of stars that burn out before they droop no- 
ticeably near the end of their trajectory due to gravity. 
The most common examples of warimono shells are 
chrysanthemum shells and peony shells. The hard 
break is achieved through the use of a powerful break 
charge (e.g., rice-hull powder that is fairly rapid 
burning and has a relatively high powder to rice-hull 
ratio) and that is confined in a shell casing covered 
with many layers of pasted paper. 


For information on the star spread of warimono 
shells, see aerial shell burst spread. For information 
on star size, see star size. For information on star 
burn time, see star burn time. 


The word warimono does not readily translate into 
English; mono implies things or items, and warimono 
roughly translates as broken items, presumably refer- 
encing the breaking of the shell’s casing into many 
fragments. 


WARM MELT GLUE - See hot melt glue. 


WARNING, ACOUSTIC — (Also sound signal or warn- 


ing signal) — A distinctive, audible warning used to 
indicate an imminent event to persons who may be 
affected by the noise, air blast or ground vibration 
from a blasting operation or other explosion. Often a 
signal from a horn or siren is used. 
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In civilian pyrotechnics: Railway torpedoes are an ex- 
ample of an acoustic warning. 


In fireworks: The explosion of one or more large aerial 
salutes may be used to announce the imminent start 
of a firework display. This is especially common in 
Italy. 


WARNING LABEL — A required portion of a firework 
device label that provides information about what the 
device does and precautions that should be taken for 
its use. Below are somewhat typical warning labels 
for consumer and display fireworks. 


WARNING 
SHOOTS FLAMING BALLS 


USE ONLY UNDER CLOSE ADULT SUPERVISION. FOR OUTDOOR USE ONLY. 
DO NOT HOLD IN HAND. NEVER HAVE ANY PART OF YOUR BODY OVER THE 
DEVICE WHEN LIGHTING THE FUSE. LIGHT FUSE AND GET AWAY. NEVER 
RELIGHT A FUSE WHICH FAILS TO IGNITE THE DEVICE. PLACE UPRIGHT AND 
USE ONLY ON CONCRETE, ASPHALT, OR OTHER HARD, LEVEL SURFACE. 
THIS ITEM MAY TIP OVER IF USED ON GRASS OR OTHER UNEVEN SURFACE 
AND SERIOUS INJURY COULD RESULT. 


WARNING 
EXTREMELY DANGEROUS, FOR LICENSED DISPLAY 
OPERATORS ONLY. 
Bury 3/4 of mortar in ground. Barricade with sand bags. Load shell 
7 in mortar, Fuse end up. Remove colored paper cap from fuse. Light 
and run away instantly. This shell is constructed to fire instantly. 
Never position any part of the body over a loaded mortar tube. 
@ Before re-loading, extinguish and remove all debris in the mortar 
tube. This shell has passed various. inspections for your safety. {tis 
your responsibility to use it correctly. : ‘ 


(MADE IN CHINA _UN0325_1.3G_ FIREWORKS 


WARNING SIGNAL — See warning, acoustic. 
WASAG CHEMIE’S ANZUNDLITZE — See igniter cord. 
WASP MACHINE - See pasting machine, aerial shell. 


WASTE DISPOSAL, PYROTECHNIC and WASTE DIS- 
POSAL, FIREWORK - See disposal, pyrotechnic. 


WATER — [H2O] — {CAS 7732-18-5}. 


Water is commonly used as a solvent to activate 
aqueous binders (e.g., dextrins, starches and gums) in 
pyrotechnics. It is a clear, colorless, odorless liquid. 


Characteristic 


a) Code for reference source, see preface. 
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Health information: TLV: none established. 


UN hazard classification: not regulated. 


WATER-ACTIVATED BATTERY — See battery, electri- 
cal. 


WATER EXTINGUISHER — See fire extinguisher type. 


WATERFALL (pyrotechnic) — (Also falls, Niagara 
Falls, park curtain or cascade) — An effect that results 
in a cascade of downward falling sparks produced by 
multiple devices suspended in a line and fired nearly 
simultaneously. 


In_a firework display: A waterfall is commonly made 
by suspending a series of tubes containing waterfall 
composition from a strong wire (or cable) that is sus- 
pended between two points (on poles, as illustrated 
below, or some other elevated structure, such as on a 
bridge). 


Support Waterfall 


Chain-fusing 


Support Pole 


The series of tubes is ignited with chain-fused quick 
match. When the waterfall extends a great distance 
(more than 25 to 50 feet, 8 to 16 m), the quick match 
may be ignited at several points along the total 
length, so that the tubes are all ignited in a reasonably 
short time. Because the tubes are unchoked, the burn- 
ing tubes of composition produce a gently falling 
cascade of sparks. 


ay Suspended Falls Tubes 


| || Curtain of Falling Sparks | | 


An example of a long waterfall suspended from a 
bridge is shown below. 
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Photo Credit: Lansden Hill, Pyro Shows, Inc. 


Firework waterfall compositions: In the past, waterfall 
compositions were made with iron borings as the 
spark-producing ingredient (see formulation 1 be- 
low), and even simple carbon sparks were sometimes 
used. Since the early to mid-20" century, waterfall 
formulations typically contain an excess of large 
aluminum flakes that produce a much brighter and 
long-lasting flitter effect (see formulations 2 to 4). 
Most current waterfall compositions have relatively 
high ignition temperatures. Thus, to help ensure their 
reliable ignition, the end of the tube is finish-primed 
with an ample amount of a high-temperature prime 
composition such as formulation 5. 


Formulation > Parts by Weight 
Ingredient | 


1 and 2) Weingart, 1947. 


3 to 5) Lancaster, 2006. 


Firework waterfall tube construction: The waterfall 
composition is compacted into a tube, typically about 
1-inch (25-mm) ID and 8 to 12 inches (200 to 300 
mm) long. Because these compositions burn without 
producing high internal pressure, the tubes do not 
need to be as strong as those used for gerbs or foun- 
tains. To aid in compaction and to reduce the amount 
of dust produced, it is common to first dampen the 
waterfall composition with roughly 5% solvent con- 
taining a small amount of a binder. Dextrin with wa- 
ter, or shellac or red gum with alcohol may be used. 
The construction of a typical waterfall tube is illus- 
trated below at the right in cross section. 
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Occasionally, the priming 
mixture may be a colored 
flare or lance composition, 
making the initial appear- 
ance of the waterfall look 
like a festoon of colored 
lights that transitions into a 
waterfall effect. 


Wire 
Suspender 


Clay Plug 


Paper Casing 
(Tube) 


Proximate audience water- 
fall: Itis somewhat common 
to use a waterfall effect as 
a backdrop for stage per- 
formances. The series of 
waterfall tubes are typically 
strung high across the 
stage, but out of view of the 
audience, often behind a 
short length of curtain or a 
structure of some sort. 


Spark 
Producing 
Composition 


Prime Layer 


Nosing 


<+— Quick Match 


Proximate audience waterfall tubes are made with the 
same construction and compositions as stage gerbs, 
with a choke and with each tube ignited using an 
electric match. A pair of proximate audience water- 
fall tubes is shown below, with one prepared as it 
would be for use, with an installed electric match and 
a wire loop for its suspension. 


One such waterfall tube is shown functioning (right) 
at a height of approximately 20 feet (6 m). 


WATERFALL SHELL (fireworks) — A recently pro- 
duced and interesting effect is an aerial waterfall pro- 
duced by a single aerial shell. An example of an 8- 
inch (200-mm) shell is shown below (time exposure). 
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Photo Credit: Jackie Whedbee 


This festoon effect is produced by attaching a number 
of spark-producing flares to a cord that is suspended 
between two parachutes. The parachutes pull away 
from each other and thus apply tension to the cord 
suspended between them, as illustrated below. 


The spark effects are available in various colors (white, 
yellow and orange). 


WATER FIREWORK -— (Also aquatic firework) — A ge- 
neric term for any firework fired on the surface of 
water to maximize the visual effect produced by its 
reflection. 


water gerb — A gerb or fountain designed to func- 
tion while floating on the surface of a body of water. 
It remains upright by being weighted on one end and 
attached to a piece of cork or other lightweight mate- 
rial. A water gerb may be ignited by hand and thrown 
onto the water’s surface or weakly fired from a mor- 
tar, in each case using a suitable delay fuse. They 
may also be placed in the water some time before 
they are to be ignited and fired electrically. In these 
instances, the device must be adequately protected 
from the influx of water by suitable waterproofing. 


water shell — (Also aquatic shell or nautical shell) — 
A firework shell designed to function on the surface 
of the water to produce a hemisphere of stars. A wa- 
ter shell is usually weakly fired from a mortar angled 
with a low trajectory, or it may be set on the water’s 
surface prior to the start of the display. 


Conventional aerial shells are usually too dense to 
float sufficiently high in the water to function as at- 
tractively as possible. (Typically, a conventional aer- 
ial shell will have at least 80% of the shell’s volume 
underwater.) In that case, when the shell explodes, its 
stars will not be dispersed in an approximately hemi- 
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spherical pattern. Water shells are often constructed by 
mounting a conventional aerial shell inside a large 
diameter (thin-walled, lightweight) over-shell (illus- 
trated below). 


Over Shell 


>~ Conventional 
) Shell 


This results in the outer-shell displacing the water 
from immediately around the central shell. Then, 
when the central shell explodes, its burning stars can 
spread more widely. 


WATER GEL — (Also slurry or slurry explosive) — A high 


explosive composed of gelatinized, saturated aqueous 
solutions, typically containing suspended solids, and 
consisting of oxidizers and fuel components plus a 
sensitizer. Water gel was first produced by M Cook 
in 1958. These jelly-like explosives are much more 
powerful than ANFO. Emulsion explosives, also 
based on aqueous solutions of ammonium nitrate, rely 
on microballoons to control their sensitiveness. Water 
gels use chemical sensitizers such as monomethyl- 
amine nitrate, ethylene glycol mononitrate or ethyla- 
mine mononitrate. A formulation typical of slurry 
explosives is presented below (Kubota, 2007). 


Ingredient [Parts by Weight | 


a) Monomethylamine nitrate [CHeN203] {CAS 22113-87-7}. 


WATER GERB — See water firework. 
WATER GLASS — See sodium metasilicate. 


WATERLOO CRACKER — A term used in the 19" cen- 


tury for various types of toy noisemakers based on sil- 
ver(I) fulminate or, less commonly, mercury(I) 
fulminate. The name, which presumably derives from 
the Battle of Waterloo (1815), appears in a booklet by 
T. Angelo (1816), where it refers to a device now 
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known as a cracker snap, such as used in Christmas 
crackers. 


Subsequently, the name Waterloo cracker was also 
applied to an early form of toy torpedo or throw 
down that consisted ofa dried pea and a small quantity 
of a fulminate, wrapped together in a piece of tissue 


paper. 


WATER OF CRYSTALLIZATION and WATER OF HY- 
DRATION — Water chemically bound in a compound 
in the solid state. Certain chemical compounds com- 
bine with water molecules in fixed proportions. 
When these materials are crystallized, the water mol- 
ecules are incorporated as part of the crystal struc- 
ture. Barium chlorate is one example. It forms a one- 
to-one aggregate with water. The incorporation of 
water is indicated with a dot in the chemical formula, 
for example: 


Ba(ClO3)2-H20 


If no water of hydration is present, the material is 
said to be anhydrous (i.e., without water). The hydra- 
tion of a compound is typically an exothermic reac- 
tion. This explains why, after the addition of water, 
plaster of Paris [CaSO4-0.5H2O] becomes warm upon 
curing to form calcium sulfate dihydrate, gypsum 
[CaSO4:2H20]. 


Burning a composition that contains hydrated com- 
ponents produces somewhat less energy than the 
same composition with anhydrous components. The 
reason is that energy is consumed in the process of 
driving off the combined water. Thus, hydrated 
chemicals are typically not as energetic as their an- 
hydrous counterparts. 


WATERPROOF MATCH — See match, waterproof. 


WATER-REACTIVE MATERIAL — A substance that, 
upon exposure to water or moisture: 1) evolves suffi- 
cient heat to potentially cause the spontaneous igni- 
tion of itself or other associated combustibles; 2) 
produces flammable, toxic or other hazardous gases; 
or 3) violently reacts or explodes. Water reactivity is 
a serious concern for pyrotechnic compositions that 
either are moistened with water or may be stored in a 
high-humidity environment. 


Although usually not treated as being water reactive, 
aluminum metal is an example of a water-reactive 
material that can (and has) induced the spontaneous 
ignition (and explosion) of pyrotechnic compositions. 
The result of a demonstration of the water reactivity 


Encyclopedic Dictionary of Pyrotechnics 


of aluminum metal and the long delay that is possible 
for its onset is presented below. 


100 
80 
60 
40 
20 


0 
0 20 40 60 80 100120140160 180 


Time (hours) 


Temperature (°C) 


In this example, a 2-gram sample of atomized alumi- 
num was placed in a test tube with 2 mL of distilled 
water and held at a temperature of 18 °C (64 °F). In 
this case, there was a delay of approximately 6 days 
before the onset of the vigorous thermal reaction. At 
higher temperatures, the onset of the reaction can be 
almost instantaneous. In addition, the presence of ox- 
idizers, especially nitrates, will shorten the delay time 
to the thermal event. 


A simple method of evaluating the potential of a py- 
rotechnic composition to demonstrate water reactivity 
is to place a small sample in water in a container such 
as a test tube sealed with a rubber stopper. The sam- 
ple should be held in an approximately adiabatic en- 
vironment (simulating the presence of a large mass of 
composition) and exposed to the highest temperature 
expected for the composition during processing. A 
possible test configuration is illustrated below in 
cross section. 


|_| 


Rubber 
Stopper 


Styrofoam 
Insulation 


Test Tube 


Sample 


After a suitable time, the sample can be retrieved and 
evaluated. There are several indicators that a mois- 
ture-induced reaction has occurred: For example, if 
the stopper has loosened, especially if there has been 
a reduction of the volume of water, this is evidence of 
gas production and/or a thermal event of significant 
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proportion. If upon removal of the stopper, a smell 
such as ammonia or rotten eggs is detected, that is 
another indication of gas production. 


A useful improvement on the simple apparatus shown 
above would be the addition of a means of monitor- 
ing and recording the temperature of the sample. Any 
rise in temperature above ambient is an indication of 
a reaction. Even a relatively small rise in temperature 
can be problematic for a large mass of composition. 


WATER REACTIVITY — The tendency for potentially 
adverse chemical reactions to be induced by the pres- 
ence of moisture (i.e., water). This type of chemical 
reactivity can lead to spontaneous ignitions (i.e., ac- 
cidents) and is too often not fully considered. 


Aluminum’s water reactivity is presented in the entry 
water-reactive material. In that case, the reaction of 
aluminum with water had an induction time of several 
days. On the other extreme, the induction time can be 
less than a second. A dramatic example of the sud- 
den, spontaneous ignition of a water-reactive material 
consisting of a mixture of finely powdered silver(I) 
nitrate and very-fine magnesium powder is shown be- 
low. Such a mixture will immediately and explosively 
ignite in a flash when even a mist of water (upper 
right) is sprayed over and allowed to settle onto a tiny 
amount (upper left) of the mixture. (Safety note: 
When performing this demonstration, mix the ingre- 
dients immediately before use, use only well-dried 
ingredients, use only a small fraction of a gram of the 
mixture at a time and never store the mixture for fu- 
ture use.) If too much material is used, it can result in 
a loud explosion. 


WATER SHELL — See water firework. 


WATT — (Symbol: W) — The derived SI unit of power, 
which was named for British engineer James Watt 
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(1736-1819). One watt is defined as the expenditure 
of one joule per second (1 W = 1 J/s). 


Multiply ® To Obtain 


a) Toconvert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


WAVE EFFECT (fireworks) — A pattern produced by 
mines, comets or other devices fired in rapid succes- 
sion along a line of devices, and progressing from 
one end to the other, often with the devices set at var- 
ious angles. If the display produced by the set of de- 
vices spans a considerable distance across the visual 
perspective of the spectators, the effect may also be 
described as a type of front. If the firings occur from 
a single device and sweep back and forth, it is de- 
scribed as a Z-cake (see multiple-tube device type). 


WAVELENGTH — The distance between two successive 
peaks (or other recurring features) of a wave. 


Atmospheric 


Pressure Value 


A = Amplitude W = Wavelength 


Distance 


WAVE NUMBER - The reciprocal of wavelength; the 
number of waves per unit distance in the direction of 
propagation. Wave numbers are sometimes used in 
place of wavelength in reporting spectroscopic results. 


WAVE, RAREFACTION — See rarefaction wave. 


WAX CANDLE — See candle, birthday cake. 
WAX VESTA — See match, historical (Vesta). 


W-BOX and W-CAKE — See multiple-tube display type. 


WEATHERCOCKING (rocketry) — The redirection of a 
rocket from its initial flight path, caused by wind as 
the rocket becomes free of its launch rod or rail. 
Weathercocking causes the rocket to head somewhat 
into the direction of the origin of the wind. 
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For a rocket with aerodynamic stabilization (see 
rocket flight stabilization method), its center of pres- 
sure will be located some distance behind its center 
of gravity (typically at least one body tube diameter). 
When the force of the wind acts on the center of pres- 
sure, a torque is produced, causing the rocket to ro- 
tate slightly about its center of gravity. This results in 
its nose pointing slightly into the wind. Fin-stabilized 
rockets, especially those with low-liftoff velocity and 
those having their center of pressure far back of their 
center of gravity, are most prone to weather cocking. 


In amateur rocketry: Some degree of weathercocking 
can be useful, as it causes the rocket to head into the 
wind, such that it tends to compensate somewhat for 
wind drift occurring during the rocket’s flight, espe- 
cially that occurring during the recovery phase. 


In fireworks: Firework stick rockets and missiles are 
also subject to weathercocking, a factor that may 
need to be considered in deciding on appropriate 


web time — The time required for the propellant to 
burn through the web. 


WEEL — Abbreviation for Workplace Environmental 


Exposure Levels™. 


WEEPING WILLOW SHELL — See willow shell. 


WEIGHT — The force (W) with which a body is attracted 


toward the earth (or, if extra-terrestrial travel is in- 
volved, whatever body might be the local source of 
gravitational acceleration). Weight is the product of 
the mass (m) of a body and the gravitational accelera- 
tion (g) acting on the body: 


W=m-g 


Many people carelessly confuse the concepts of mass 
and weight, especially those in countries still using 
English units. 


safety distances. WEIGHTED and WEIGHTING (sound) — See sound 


pressure level measurement. 
WEATHER MODIFICATION — See cloud seeding and 


rocket, anti-hail. WEIGHT FRACTION — See mass fraction. 


WEATHER RESISTANT — Construction designed to WEIGHTLESSNESS — ( Also zero gravity or micro- 


provide reasonable protection against adverse weather. 
The term is often used to describe firework magazines. 


WEB - For a solid propellant grain, the minimum dis- 
tance, as measured perpendicular to the initial burning 
surface that can burn before reaching another burning 
surface or a non-combustible surface. 


web fraction — The ratio of web thickness to pro- 
pellant radius. 


web thickness — The breadth of the web. For an 
end-burning grain, this is the length of the grain. For 
simple core-burning grains, it is the distance from the 
inside diameter of the grain to the insulated casing 
wall or liner, as illustrated below. 


Tube 
(Inhibitor) 


Propellant 
Web Thickness 
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gravity) — A perception that gravity is not present. 
This condition would more properly be described as 
micro-gravity. The feeling and other physical effects 
either caused by the presence of a weak, small net 
gravitational field or a condition described as free fall. 


In proximity to the earth, the feeling can be experi- 
enced ona sufficiently steep roller-coaster ride, during 
a parabolic trajectory in an aircraft or by being in or- 
bit around the earth. 


A weightless body experiences no mechanical stress 
caused by its weight resisting the effects of gravity. 


WEIGHT STRENGTH — See explosive strength. 


WELD — A process of securing two pieces of material 


together by temporarily melting or dissolving a small 
portion of the pieces, or by adding a melted amount 
of welding rod. 


butt weld — A weld in which the added weld material 
is placed across the two pieces of material being 
welded. For securing firework mortar plugs, a butt 
weld (illustrated below) can be expected to be a less 
strong than the alternative, a fillet weld. 
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Butt Weld 


fillet weld — A weld in which the added weld mate- 
rial is placed in the angle formed between the two 
pieces of material being welded. For securing fire- 
work mortar plugs, a fillet weld (illustrated below) 
can produce a much stronger weld than the alternative, 
a butt weld. 


Fillet Weld 


solvent weld — (Also solvent bonding) — A weld in 
which two close-fitting pieces of material (typically 
plastic) are brought together and a suitable solvent is 
used to bind the materials together. This works as a 
result of the solvent migrating into the joint by capil- 
lary action and dissolving a portion of the surfaces of 
the two pieces of material. Once the solvent evapo- 
rates, the two pieces will be securely bound together. 


For polystyrene, several solvents will work, but 
slightly flammable methylene chloride (ie., di- 
chloromethane [CH2Cl.] — {CAS 75-09-2}) is widely 
considered optimum. When the two pieces to be sol- 
vent welded do not fit tightly together, it is preferred 
that some small pieces of the plastic first be com- 
pletely dissolved in the solvent. Then, when that mix- 
ture is used, the dissolved plastic becomes added to 
the joint between the welded pieces when the solvent 
evaporates. A similar process can be used, for example, 
when paper tubes need to be bound to plastic pieces 
(such as when a small paper mortar tube is bound in- 
to a plastic base). 


WELDING, PYROTECHNIC — A technique for joining 
metals whereby localized coalescence of metal is in- 
duced by heating to an appropriate temperature by 
pyrotechnic means. Usually, joining is accomplished 
with the use of a filler metal, in which case the ap- 
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propriate temperature and the filler metal are pro- 
duced pyrotechnically. Such techniques were fore- 
shadowed in the work of German chemist Johann 
Wilhelm (Hans) Goldschmidt (1861-1923) from 
1896 and have long been used for joining metals and 
repairing metal objects in situations in which the use 
of other welding techniques such as gas-flame welding 
or the various electrical welding techniques would be 
difficult or impossible. 


By far the most common type of pyrotechnic welding 
is aluminothermic (also described as AT or thermite 
welding), which is very widely used for on-site join- 
ing of lengths of railway track. The technique was in 
use in Europe before 1903 for the production of the 
continuous railway tracks required by electric rail- 
ways. The principle steps in the aluminothermic 
welding of railway track are as follows. First, the 
ends of the pieces to be joined are thoroughly 
cleaned, usually by grinding with a hand-held abra- 
sive grinding tool. Then, the suitably-supported pieces 
are carefully aligned, leaving a gap between them in- 
to which molten metal can flow. The gap is then en- 
closed by prefabricated refractory ceramic molds, 
purpose-made to suit the particular profile of railway 
track to be joined. 


These molds are provided with pre-heating cavities 
and vents and with external lugs to hold the ceramic 
bowls that will contain the molten slag produced 
along with the molten metal. The molds are clamped 
in place with metal clamps called mold shoes. The 
joints between the molds are then sealed with pur- 
pose-made sealant called luting sand so that molten 
metal cannot penetrate into the joints and produce 
fins of metal. The top of the mold assembly is fitted 
with a device called a sand-core that provides proper 
seating for the crucible that will subsequently be 
placed over the mold assembly and in which the py- 
rotechnic reaction will take place. 


The whole assembly is then heated by the application 
of the flame of a gas torch to bring the temperature of 
the rail ends to 600+20 °C. This heating typically 
takes about three minutes if an oxygen-LPG (lique- 
fied petroleum gas) torch is used. The heating is done 
both to bring the rail ends to the correct temperature 
for welding and to ensure that no moisture is present 
in the molds. Moisture would lead to the generation 
of steam, which would almost certainly cause the op- 
eration to fail and very possibly cause molten metal 
to be projected from the crucible presenting a risk of 
serious injury to persons nearby. 


Preferably, the crucible is a so-called ‘one-shot’ cru- 
cible that is supplied ready for use, pre-charged with 
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the pyrotechnic mixture (referred to as ‘the portion’). 
The bottom of the crucible has an orifice that leads, 
by way of the molds, into the gap between the rails. 
This orifice is closed with a special device called a 
self-tapping thimble that is designed to allow the pas- 
sage of molten metal into the molds when the correct 
temperature has been reached. 


As soon as the pre-heating has been accomplished, 
the crucible is seated on the sand core on top of the 
mold. The cover of the crucible is opened, at least 
one thermite igniter stick is placed into the portion 
and ignited, and the cover is closed. All being properly 
done, molten metal produced by the pyrotechnic re- 
action will flow from the bottom of the crucible into 
the gap between the rails. When this process has 
ceased (as evident from ceasing of the flow of molten 
slag) the crucible is taken away and the slag bowls 
are removed. After cooling, the mold shoes are taken 
off and the molds are removed using a special hy- 
draulic weld trimmer. At least 1/25 inch (1 mm) of 
excess metal is left on the top of the rail; risers of 
metal are also left; these are produced when excess 
metal rises into venting cavities in the molds. When 
the metal is completely cold the risers are knocked 
off with a hammer. All excess metal is then carefully 
ground away, with an abrasive power grinder, to the 
profile specified for the original rail. On completion 
of the operation, the used molds, the one-shot cruci- 
ble, the cooled slag-bowls and all waste metal are 
buried on-site. 


The formulation of the portion used in aluminother- 
mic welding is far more complicated than might be 
inferred from the simple chemical reaction that forms 
the basis of the process. It is usual to use a slight ex- 
cess of aluminum; too little can result in loss of es- 
sential carbon and manganese from the molten steel 
by oxidation; too much will make the resulting alloy 
hard and brittle. The correct particle size of the reac- 
tants is important, to ensure that the reaction is nei- 
ther too fast nor too slow. Manufacturers may use 
mixtures of the two iron oxides, iron(II,II]) oxide 
[Fe304] and iron(II) oxide [Fe203], to control the rate 
of the reaction. Furthermore, it is usual to add gran- 
ules of ferromanganese and mild steel to the mixture 
to moderate the rate of the reaction and to provide a 
steel product of the correct chemical composition. 
Finally, materials such as calcium carbonate [CaCO3] 
and calcium fluoride [CaF2] may be included to im- 
prove the fluidity of the slag and promote clean sepa- 
ration of the slag from the molten steel. 


Many other examples of pyrotechnic welding are dis- 
closed in the patent literature. To mention just one, 


Encyclopedic Dictionary of Pyrotechnics 


American inventor Melvin F. Rejdak (1923-1958) 
addressed the difficult problem of in-situ welding of 
heavy aluminum cables to each other, to copper bus- 
bars and the like. This problem is difficult for two 
reasons: aluminum readily forms a coherent oxide 
film that inhibits the metal-to-metal contact essential 
to good welding, and it is an excellent conductor of 
heat, which makes it difficult for a localized region to 
be brought to a sufficiently high temperature for 
welding. These problems were solved by the use of 
pyrotechnic welding with mixtures based on the alu- 
minothermic reduction of tin(IV) oxide. The mixture 
also included copper oxide and calcium fluoride and 
produced a molten alloy of tin, aluminum and copper 
that was effective in the intended application. (See 
US Patents 2,831,760, and 2,870,498 awarded to 
Rejdak in 1958 and 1959, respectively.) 


WELL-ROTTED CLAY — See clay, well-rotted. 


WET BLEND — One or more powders that are mixed with 
a liquid, which subsequently evaporates. The liquid 
may be used as a phlegmatizer to reduce the possibility 
of ignition while handling. Paper toy caps are made 
in this manner. Commonly in fireworks, the liquid is 
used to solvate a binder to cause the pyrotechnic 
composition to remain in place or maintain its shape. 


WET-CELL BATTERY — See battery, electrical. 


WET GRANULATION — An agglomerative process that 
uses a liquid agent to produce pellets (1.e., tablets) or 
granules from a powder. 


In fireworks: This process typically involves passing a 
moistened composition through a screen using a grat- 
ing motion. Polverone is typically made in this way. 


WETTING AGENT — See surfactant. 


WHEAT FLOUR - [processed biological product] — A 
powder consisting of the processed endosperm of the 
seeds of the wheat plant (various species, hybrids and 
cultivars of the genus Triticum). It can be used as a 
pyrotechnic fuel and can be used to make wheat flour 
paste. It is also the source of wheat starch. 


Wheat flour varies in character based on the kind of 
wheat and the method of processing. Soft wheat flour, 
a food product, contains approximately 9% protein, 
89% carbohydrate, 1% fatty material, 0.5% cellulose 
and 0.5% ash. 
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Health information: TLV-TWA 10 mg/m>*. Wheat 
flour is a sensitizer causing an occupational disease 
described as baker’s asthma. 


WHEAT FLOUR PASTE — [processed biological product] 
— The traditional adhesive for firework-making. It is 
made by stirring wheat flour into cold water and stir- 
ring the mixture vigorously until a perfectly smooth 
white paste is formed. This mixture is then slowly 
brought to the boil, with constant stirring, whereupon 
it forms a translucent paste. Alternatively, the cold 
slurry can be poured slowly into vigorously boiling 
water, with constant stirring. 


A small amount of mercury(II) chloride, oil of cloves 
or phenol was often added to wheat flour paste as a 
preservative. The addition of alum was sometimes 
recommended, but the acidic nature of this salt makes 
it undesirable if the resulting paste may come into 
contact with chlorates. Rather than adding chemicals, 
Kentish (1905) recommended keeping the paste in a 
zinc pot to preserve it. Weingart (1947) recommended 
that the original cold-water flour paste be allowed to 
ferment for several days in a warm place, forming a 
brownish liquid and a heavy batter. The liquid was 
discarded, and the batter was converted to paste by 
adding boiling water with brisk stirring. The initially 
thin liquid gradually thickened to a clear, very sticky 
paste. It was claimed that paste made in this way was 
stable without the need of any preservative. 


WHEAT PASTE - A type of adhesive made by boiling 
wheat starch in water. It is then dried and powdered. 
Typically, the paste is prepared for use by stirring the 
dry powder into cold water. The paste’s final thickness 
(i.e., viscosity) is determined by the water to paste ra- 
tio, but the adhesive tends to continue thickening for 
several minutes after initial mixing. (See wallpaper 
paste.) 


In fireworks: Besides being inexpensive, its principal 
advantages are its ability to soak into kraft paper and 
its slipperiness. Both attributes make it near ideal for 
finishing (i.e., pasting) aerial shells, especially spher- 
ical shells, where many layers of pasted paper are re- 
quired. Wheat paste often becomes moldy upon stand- 
ing, but mold inhibitors can be added to help prevent 
this problem. 


WHEAT STARCH — [processed biological product, 
(C6H100s)n] — {CAS 9005-25-8}. 


Wheat starch is obtained when the protein (i.e., glu- 
ten) is separated from wheat flour. Wheat starch must 
not be confused with wheat flour. 
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Health information: TLV-TWA 10 mg/m>. Wheat 
flour is a sensitizer causing an occupational disease 
described as baker’s asthma. It is unlikely that the 
substances that cause the allergy can be completely 
removed from the starch. 


WHEEL CAKE — See Black Powder manufacturing. 
WHEEL DRIVER — See driver. 


WHEEL, FIREWORK — A firework wheel is a revolving 


ground-level device, usually powered by wheel driv- 
ers, which are tubes charged with force and spark com- 
positions (for typical formulations, see driver). Wheel 
drivers are mounted onto variously shaped devices, 
but all have a central axle allowing them to spin 
freely from the thrust produced by the burning drivers. 
Two of the most basic wheel designs are illustrated 
below. 


Examples of these two configurations are shown be- 
low. 


A wheel can be mounted in a vertical plane relative 
to the ground (described as a vertical wheel, shown 
above) or parallel to the ground (described as a hori- 
zontal wheel, illustrated and shown below). 
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Chertier, 1843 Photo credit: Greg Gerstner 


Almost universally, rotating wheels produce sprays 
of sparks; an example of a functioning vertical wheel 
is shown below. 


Wheels can be as small as 2 inches (50 mm) in diam- 
eter or many feet (several meters) in diameter. They 
may be simple, consisting only of the frame, axle and 
two drivers, or they may be elaborate, having dozens 
of drivers that fire in a specific sequence. In Theme 
Parks, it is common for wheel devices to be powered 
by electric motors with pyrotechnic attachments for 
effects. Wheels may also include color pots, lance- 
work designs on movable frames, strobe pots or sa- 
lutes. An example of a medium size, but relatively 
elaborate, wheel is shown below. 
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The wheels displayed in Malta are extremely com- 
plex and have a thoroughly deserved reputation for 
producing incredible visual effects. An example of 
such a wheel is shown below in daylight. Even a se- 
ries of images of a functioning Maltese wheel fails to 
adequately demonstrate their unusual visual effects. 


Photo Credit: Toni Busuttil 


In some countries (most notably Mexico and Spain) 
there is a tradition of mounting multiple giant wheels 
on a towering structure described as castillo (shown 
below). 


Photo Credit: Pablo Hernandez 


WHEEL, GYRO -— See girandola. 
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WHEEL MILL — See mill. 


WHEEL TYPE (fireworks) — There are many types of 
traditional firework wheels; a few of the more note- 
worthy are discussed below. Most wheels are best 
appreciated from a reasonably close viewing range 
and thus are not commonly used in large scale mod- 
ern firework displays. 


caprice wheel — Any horizontally-revolving wheel 
in which the drivers are not all aimed in the same 
basic, near-horizontal direction (Ruggieri, 1821). The 
drivers are angled to alternately project sparks some- 
what upward and downward as well as outward. In 
addition, there often is a vertically positioned centrally 
located case containing a colored flare, fountain or 
mine. The construction of a moderately simple caprice 
wheel is illustrated below (Chertier, 1843). 


It is thought that the name of this type of wheel is de- 
rived from the unpredictable and apparent capricious 
behavior of the device. Some more elaborate versions 
of the caprice wheel include those with small Roman 
candles on their rim, drivers on more than one re- 
volving level (often described as a furiloni wheel — 
discussed below) and even revolving wheel-like 
pieces such as girandolas that rise into the air. 


Catherine wheel — (Also pinwheel) — A term 
sometimes used for almost any firework wheel device 
regardless of the type or size. In Great Britain, a 
small wheel consisting of a long, thin-walled tube, 
wound in a spiral around the edge of a cardboard, 
wooden or plastic disk is commonly described as a 
Catherine wheel. As the composition in the tube is 
consumed, it provides a reasonably weak propulsive 
force that is barely sufficient to rotate the wheel. The 
thin-walled tube burns away as the device functions, 
to expose the flame being produced. The flame is of- 
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ten colored and may change color several times dur- 
ing the course of the wheel’s functioning. An exam- 
ple of a small, modern version of a Catherine wheel 
is shown below. 


| GOLOURE 


Historical: The name Catherine comes from the 4" cen- 
tury saint and martyr Catherine of Alexandria. The 
reason for Catherine’s name being applied to a fire- 
work wheel is made clearer in the following excerpt 
(Vann, 1954). 


According to the popular tradition, Catherine was 
born of a patrician family of Alexandria and from 
childhood had devoted herself to study. Through her 
reading she had learned much of Christianity and had 
been converted by a vision of Our Lady and the Holy 
Child. When Maxentius began his persecution, Cathe- 
rine, then a beautiful young girl, went to him and re- 
buked him boldly for his cruelty. He could not answer 
her arguments against his pagan gods and summoned 
fifty philosophers to confute her. They all confessed 
themselves won over by her reasoning and were 
thereupon burned to death by the enraged Emperor. 
He then tried to seduce Catherine with an offer of a 
consort’s crown, and when she indignantly refused 
him, he had her beaten and imprisoned. The Emperor 
went off to inspect his military forces, and when he 
got back, he discovered that his wife Faustina and a 
high official, one Porphyrius, had been visiting Cathe- 
rine and had been converted, along with the soldiers 
of the guard. They too were put to death, and Cathe- 
rine was sentenced to be killed on a spiked wheel. 


When she was fastened to the wheel, her bonds were 
miraculously loosed and the wheel itself broke, its 
spikes flying off and killing some of the onlookers. 
She was then beheaded. The modern Catherine-wheel, 
from which sparks fly off in all directions, took its 
name from the saint's wheel of martyrdom. 


Catherine wheels, especially smaller versions, are also 
described as pinwheels because a common pin may 
be passed through a hole in the center of the disk and 
into a suitable support to serve as the axle on which 
the wheel spins. 


It is unknown when these small wheels were intro- 
duced, but they were first described in print in 1771. 
They were evidently well known in the first quarter 
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of the 19" century. Ruggieri (1821) described them 
briefly, and Mortimer (1824) described their manu- 
facture. Mortimer observed that if the pin or wire on 
which the wheel spins were driven into ‘the pith of a 
hazel stick, the wheel without any danger may be let 
off in the hand’. 


The French pyrotechnist Chertier devoted much ef- 
fort to developing these wheels, which the French 
call pastilles. Chertier (1836) wrote a detailed de- 
scription of the manufacture of colored pinwheels, 
which he claimed to have invented, and he described 
them as Dahlia pastilles or little suns. He did not 
claim to have invented the pinwheel as such; he 
wrote that his Dahlia pastilles ‘are made in nearly the 
same way as ordinary pinwheels; except that rather 
stronger paper must be used to make the tubes’. 
Chertier’s invention consisted of including a second 
tube, made with thin paper and filled with color com- 
position. The two tubes were glued together, side by 
side, and the double tube was then coiled around a 
disc, so the color tube was sandwiched between the 
turns of the turning tube. The two tubes were ignited 
at the same time. Chertier was very enthusiastic about 
these fireworks, writing: 


These little suns, which I call Dahlia-Pinwheels, be- 
cause when burning they show some resemblance to 
the flower of that name, change color and form circles 
of different shades, of green, red, blue, yellow, etc. 
They are perhaps, of all pieces of fireworks, the ones 
that produce the most enjoyable effect. They are so 
easy to imagine, that I am astonished that nobody had 
thought of them earlier. 


Later, Chertier (1854) de- 
scribed a different design for 
colored pinwheels, in which 
the tube of color composition 
was separate from the turning 
tube, as illustrated at the right. 


Some early examples of com- 
positions for the driving tube 
of a Catherine wheel are pre- 
sented farther below. 


The subject of Chertier’s col- 

ored pinwheels was taken up 

again by Tessier (1859, 1883), 

who described and illustrated 

their construction. The draw- 

ings below (Davis, 1943) illustrate two ways of making 
colored pinwheels. In each case, a tube of color com- 
position is mounted concentrically with the drive tube 
but offset from it on an extended hub. 
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Formulation > Parts by Weight 
Ingredient | | (5) | 


a) Crushed roll. 
ne. 


1) Chertier, 1836. 


b) Coarse. c) Fi- 


2 to 5) Chertier, 1854. 


Much later, Standard Fireworks (England) was granted 
a patent for ways of adding color effects to a Cathe- 
rine wheel. After describing a Catherine wheel, the 
patent applicants noted: 


The effect produced by a firework of this description 
would be considerably enhanced if the combustible 
mixture contained in the tube were of such a character 
as to produce a colored flame. In order to obtain the 
required driving effect, the mixture in the tube usually 
includes sulfur, whilst mixtures which produce col- 
ored flames include potassium chlorate, and it is not 
permissible in any firework to employ a charge in- 
cluding a mixture of these two substances. 


The patent then described the use of pellets of colored 
composition attached to, or set into, the central disc, 
as well as the use of a separate tube of color composi- 
tion under the driving tube, which was similar to the 
method described by Chertier almost a century earlier. 
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The illustration in the patent shows all these methods 
(below). 


FL q: 4, 


Figures | and 2 (two views) show two pellets of color 
composition (c) set into the central disk (a), to be ig- 
nited in turn as the driving tube (5) burns past each 
pellet. Figures 3 and 4 (two views) show a similar ar- 
rangement but with the pellets of color composition 
(c) mounted on the surface of the disk (a). Figures 5 
and 6 (two views) show a separate tube of color 
composition (c) mounted under (inside) the driving 
tube (5). 


Modern compositions can combine force, spark and 
color effects in a single composition, eliminating the 
need for such complicated arrangements. A worker at 
the Phoenix Fireworks Company (Australia) is shown 
farther below making Catherine wheels (ca. 1925). 


She is coiling the tube of composition around a card- 
board disk taken from the pile of discs near her left 
hand. A tray of bundles of charged tubes, which 
would have been softened by being wrapped in a 
damp towel, can be seen near her right hand, and 
some finished wheels are visible in the tray near the 
back of the picture. 


chromatrope wheel — (Also chromotrope wheel) — 
An elaborate, vertical firework wheel in which two or 


Page 1312 


Photo credit: Pains-Wessex (Australia) 


more individual vertical wheels are mounted imme- 
diately behind one another (usually on the same post 
with a common axle). An example of a chromatrope 
wheel (composed of three individual wheels) being 
assembled is shown below. 


clockwise and the other turns counterclockwise. The 
combined effect produced by carefully angled wheel 
drivers is a series of intersecting arcing designs that 
can be especially elegant. Two examples of operating 
chromatropes wheels are shown below. 
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To be effective, the wheels must not turn too quickly, 
or the effect of the angled drivers will be lost. Drivers 
producing charcoal, steel, ferrotitanium, titanium, 
aluminum and glitter spark effects can all be used ef- 
fectively. 


The center of the wheels can be constructed in many 
different ways. It is sometimes fitted with an elabo- 
rate lancework design. Other times the chromatrope 
wheel may be covered with thin white tissue paper 
(sometimes treated with a fire retardant) that has a 
design painted on it in black. When a colored flare, 
sometimes color changing, is mounted immediately 
behind the wheel, it illuminates the thin paper, allow- 
ing the diffused light to pass through the paper except 
where the black design is painted. 


The name chromatrope is derived from chroma, Greek 
meaning color. The original chromatrope was an ef- 
fect produced in the 19™ century with special lan- 
ternslides. These were brightly colored, circular and 
used in pairs, where one was rotated in reference to 
the other. The effect was to project colorful and moving 
patterns of light. 


colorful wheel — A small consumer firework wheel of 
varied construction. One form is a type of Catherine 
wheel (shown in the previous portion of this entry). 
Another form is shown below. This device has 2 
wheel drivers that function in sequence, along with a 
central ring of colored-fire composition. 
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devil wheel — A horizontal, display firework wheel 
that always elicits a positive audience response, as it 
seems to possess a devilish personality. There are a 
variety of wheel designs; the typical, common ele- 
ments of those designs are described below. 


The effect starts with the wheel revolving and pro- 
ducing a horizontal spray of sparks. Shortly thereafter 
(and often accompanied by the sound of a whistle) a 
smaller spray of wildly gyrating sparks appears be- 
low the perimeter of the wheel, which continues to 
rotate, producing sparks. As the gyrating device 
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burns out, there is a loud explosion without otherwise 
disturbing the operation of the wheel. This series of 
events is typically repeated two or more times. At the 
completion of the operation of the last gyrating de- 
vice, it is common for its explosion to be especially 
loud and delayed a few seconds, sufficiently long that 
the audience concludes that there will not be a final 
explosion, which then happens to the great surprise 
and delight of the audience. This final explosion may 
be accompanied by a mine effect, mounted vertically 
above the axis of rotation. Another variation includes 
three to four extra gerbs or drivers mounted on the 
spokes of the wheel pointed somewhat upwards to 
amplify the visual display during the rotating of the 
horizontal wheel. 


A devil wheel is constructed similar to a normal, 
simple horizontal wheel, with a series of drivers at- 
tached to its rim to produce a spray of sparks and to 
rotate the wheel. At three or more points on the rim 
of the wheel, a spinning device plus salute combina- 
tion is attached to the wheel by a short length of cord. 
The spinning device may be a gerb, wheel driver or, 
most commonly, a whistling gerb. The spinning de- 
vice plus salute combinations are initially held in 
place on the rim of the wheel by their quick match 
fusing. Once that fusing burns, the spinning device 
plus salute combination falls free to the end of the 
cord. An example of this basic method of construc- 
tion is illustrated below. Only a portion of the wheel 
and one spinning device plus salute combination is 
shown. 


Quick Match 
OUT 


ap Rim 
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Wheel Driver 
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As the spinning device burns, it and the attached salute 
gyrate wildly, only constrained by the cord. Some 
manufacturers include a fishing line swivel attached 
to the cord from which the spinning device plus salute 
are suspended, thus allowing the somewhat freer ro- 
tation of the device. It is important that the cord is not 
so long as to allow the gyrating combination to tangle 
itself around the vertical support member (pole) of 
the horizontal wheel. The explosion at the completion 
of the burning of the spinning device is accomplished 
in one of two ways. One way is to construct the spin- 
ning case with a final substantial increment of loose 
flash powder. Another way is to attach a separate salute 
(mounted to the spinning case) with fusing connecting 
the terminal end of the spinning device to the salute. 


flying wheel — See girandola. 


furiloni wheel — A type of caprice wheel (see in the 
previous portion of this entry), but with two tiers of 
drivers angled to alternately project sparks upward 
and downward as well as outward. In addition, there 
is often a vertically positioned case that contains a 
colored flare, fountain or mine. The construction of a 
moderately-simple furiloni wheel is illustrated below 
(patterned after an illustration of Chertier, 1843) 


The wheel is said to make a furious display and its 
name is thought to possibly have been derived from 
the same root as the word furious (Kentish, 1905). 


gyro wheel — See girandola. 


horizontal wheel — See wheel, firework. 
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triangle wheel — A firework wheel, usually a con- 
sumer firework device, that consists of three drivers 
mounted on a piece of wood or plastic to form a tri- 
angle around a central axle. The drivers are usually 
fused to ignite one after the other and typically have 
differing compositions to produce changing displays. 


Two examples of consumer firework triangle wheels 
(Tri-Rotating Wheels) are shown below. The wheel 
on the left only has drivers; the one on the right has 
each driver augmented with a whistle (not visible; 
beneath the blue wrappings). 
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vertical wheel — See wheel, firework. 


WHIRL — See aerial shell name and description (spe- 


cific). 


WHIRLING DEVICE — Any of a collection of variously 


constructed tube devices, charged with force and 
spark composition, that produce a visual display as 
they jet about in an unguided manner including rota- 
tional motion. Whirling devices are used as compo- 
nents in some aerial shells, mines, rocket headings, 
multiple-tube devices and Roman candles. Typically, 
the pyrotechnic composition is a modified Black 
Powder with the addition of a spark-producing mate- 
rial. Often the sparks produced are white (from the 
use of titanium or aluminum) and a description such 
as silver whirl may be used. 


Whirling devices are perhaps one of the most effi- 
cient spark-producing inserts, typically making wide, 
dense and especially visible displays, while using rel- 
atively little composition. Just a few of these devices 
can produce an extensive and attractive display in the 
air. 


Whirling inserts tend to have relatively short burn 
times, with a duration of one to three seconds being 
common. To some extent, they all tumble, spin or ro- 
tate and may produce a spiral pattern of sparks. 


Encyclopedic Dictionary of Pyrotechnics 


The spray of sparks from the device exits through a 
narrow orifice (i.e., exhaust hole) in the end and/or 
side of the tube, with the specific design of the devices 
being quite variable. Some are simply end-burning 
rockets without any stick or guidance mechanism, 
and they differ in no way from a simple serpent (see 
cross-sectional illustration below, shown without fus- 
ing). These items jet about erratically, often with ran- 
dom zigzag trajectories and occasional rotations about 
a transverse axis (i.e., an axis perpendicular to the 
length of the tube). 


Central Exhaust Hole 


Force and Spark 
Composition 


Paper Tube ; 
Clay End Closures 


Other whirling devices have an eccentrically posi- 
tioned exhaust hole on one end, as illustrated below 
in cross section, left. This also results in an erratic 
flight path, but with much more rotational motion 
about a transverse axis. Other devices are side vented 
and are essentially miniature tourbillions or hummers, 
as illustrated below, right. These items rotate tightly 
about a transverse axis and have almost no transla- 
tional motion in the air. They may alternatively rotate 
about the longitudinal axis (the axis parallel to the 
length of the tube). 


MZ PAZ 
k . , 
Eccentric 


Exhaust Hole 


Exhaust Hole 


Finally, some whirling devices have exhaust holes on 
both ends of the tube, as illustrated below in cross 
section. This also produces an erratic flight path, and 
it doubles the volume of sparks in the sky within a 
given burn time. 


Central 
Exhaust Hole 
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WHIRLWIND (fireworks) — A charged-tube device that 


functions by spinning in the air and producing a 
shower of sparks (i.e., a type of whirling device). 


WHISTLE (pyrotechnic) — A device that produces a 


shrill-pitched sound as the result of oscillatory (i.e., 
vibrational) burning of a pyrotechnic composition. 


Construction: Whistle com- 


position is pressed tightly Sor uee 

into a tube with the compo- Whistle 

sition recessed from the ig- Tube 

nition end of the tube, as il- Open Tube 

lustrated at the right in cross Area 

section. Sometimes a small : 

percentage petroleum jelly whistle oe 
Composition 


(e.g., Vaseline™) is added 
to the composition to act as a lubricant, which aids in 
compaction and reduces the composition’s sensitive- 
ness to ignition by friction. 


Ina pyrotechnic special effect preload, the fuse would 
be replaced with an electric match. Slurry priming of 
whistle compositions is not recommended because it 
is not needed and may, under some circumstances, 
cause the whistle to explode upon ignition. 


The whistling sound is produced by oscillatory burning 
of the pyrotechnic composition as controlled by pres- 
sure waves reflecting up and down the length of the 
tube above the burning surface. (See whistle mecha- 
nism, pyrotechnic.) Whistles were once considered 
very special devices but are now common and con- 
sidered almost an essential component of pyrotechnic 
displays. The sounds they produce are readily recog- 
nized and have become almost synonymous with a 
firework celebration. 


Whistles that make a ripping or even cracking sound 
can be made by carefully adjusting the diameter of a 
clay choke on the whistle. Choked whistles have a 
greater tendency to explode than normal whistles; 
with careful attention to the diameter of the choke 
and the burn characteristics of the whistle composi- 
tion, they can be reliably made. (Some of these de- 
vices sound absolutely flatulent in nature). 


Screeching (i.e., raspy- 


sounding) whistles can also Open Tube 
be made by forming them | Area 
with a concave depression H 
ora short core in their burn- H Short Core 
ing surface, as seen in the [R 
illustration at the right in y . Whistle _ 
cross section. These whis- Hee Composition 
tles have been used effec- 
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tively to disperse birds at airport runways and other 
areas where birds sometimes gather and are consid- 
ered a menace or nuisance. (See pest and predator 
control device.) 


Formulations: A collection of whistle formulations is 
presented below. Formulation 1 is the most commonly 
used composition today. Formulation 2 is probably the 
newest whistle composition and is increasingly used 
in items imported from China. In the past, much more 
sensitive whistle compositions were used, with for- 
mulation 3 being somewhat more dangerous than 4. 


Formulation > | Parts by Weight 
Ingredient | (4), 


a) Sodium salicylate, potassium benzoate or potassium 
Salicylate is sometimes used and can be substituted 1:1 
for sodium benzoate. 

b) Gallic acid. 

1) Common. 

3) Lancaster, 1972. 


2) Conkling, 1985. 
4) Ellern, 1968. 


Firework whistles often contain granular titanium, 
which produces a white spark effect in addition to the 
whistle. Typically, an additional 5 to 15% of relatively 
coarse titanium (20 to 40 mesh) is used, the exact 
percentage and particle size being determined by the 
desired density and duration of the spark effect. 
These devices may be referred to as titanium or silver 
whistles and have become common inserts in aerial 
shells, mines and multiple-tube devices. The addition 
of titanium to a whistle composition makes it more 
sensitive to accidental ignition by mechanical means, 
and added caution is necessary when compacting 
such a mixture. 


Whistles have at least three properties that can be 
controlled to some extent. These properties are: 1) 
The loudness of the whistle, which is roughly con- 
trolled by the diameter of the whistle tube. 2) The 
pitch (i.e., tone or frequency) of the whistle, which is 
mostly determined by the distance between the sur- 
face of the burning composition and the open end of 
the whistle tube. 3) The whistle composition’s burn 
rate, which is dependent on the nature of the whistle 
composition. To some extent, these three properties 
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are interdependent. Various whistle compositions 
burn at different rates, which can affect the quality of 
the sound and will determine the rate at which the 
pitch changes. Some whistles are said to be especially 
strident or piercing. Picrate whistles sometimes pro- 
duce black smoke, whereas most other compositions 
produce white smoke. Some compositions produce a 
large luminous flame that exits from the open end of 
the whistle tube, but others do not. 


All whistle compositions are quite explosive in loose- 
powder form and have on occasion been used to pro- 
duce reports (i.e., salutes), which may be described as 
dark salutes because the flash of light is minimal 
compared to salutes made with flash powder. Loose 
whistle composition may be used as the break charge 
for aerial star shells and large crossette comets. For 
safety reasons, loose whistle mixtures should not be 
stockpiled. 


In consumer fireworks: Two examples of small con- 
sumer whistling devices are shown below. It is al- 
most universal that these devices are of relatively 
small diameter, as shown below. In part, this is likely 
a matter of economy but also because even such 
small items produce fiercely loud whistling sounds. 
Another important reason is that whistling composi- 
tions tend to be quite explosive, and the hazards as- 
sociated with explosive malfunction are obviously 
more severe when larger quantities of explosive ma- 
terial are involved. 
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Whistles are also commonly used as an adjunct in 
various consumer fireworks by producing an addi- 
tional effect. One example of this use of small whis- 
tles is the fountain shown on the left below and disas- 
sembled (on the right). 
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The principal effect is produced by the fountain itself 
(A); there are also two small whistles (B) fused into 
the fountain’s choke hole and held in place by the outer 
wrapping of the device. The whistle on the left has a 
relatively fast burning fuse and whistles shortly after 
the fountain begins. The whistle on the right has a 
slower burning fuse and whistles later in the display. 


The Chinese use small plastic cases charged with 
whistle composition in a wide variety of multiple- 
tube devices, where the whistle is first propelled out 
of the device by a small Black Powder charge, and 
then continues to fly upward from the propulsion of 
the burning whistle composition, essentially as a 
small, end-burning rocket. One such consumer fire- 
work is shown below. 
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Another type of consumer firework consists of a series 
of short burn-time whistles, each designed to produce 
a different tone (see whistle mechanism, pyrotechnic). 
When mounted together and fused to burn in se- 
quence, these devices can be made to produce an en- 
tertaining series of musical notes as they function. In 
the example shown below eight whistles function in 
sequence to produce a series of tones, each rising in 
pitch (frequency) as each of the successive tubes de- 
creases in length. 


Mage IN CHINA. 
STRETCH OUT | ¢ PATENT pENDING a= 
RE u. 


In this case, each whistle has a small increment of 
colored-flame composition loaded on top of the whis- 
tle composition, so that before each whistle begins, 
there is a brief appearance of colored flame. 


In_ display fireworks: Whis- 
tles find their most common 


use in aerial shells either as 
a rising effect or as whis- — 
tling inserts. Examples of | 
whistles, for use as inserts 
in an aerial shell, are shown 
at the right. These inserts 
are ignited by a short, fold- 
ed piece of black match pro- 
truding from the open end 
of the tubes. When ignited 
by the shell burst charge, 
the black match burns into the whistle composition 
and ignites it. Such whistles normally burn between 1 
and 3 seconds. 


Whistles are sometimes attached to firework wheels 
or other set pieces to augment the display. Another 
effective use of whistles is in what might be de- 
scribed as a whistling bomb barrage. Here, a number 
of whistles are attached, about a foot apart, on a sup- 
port fastened between two upright posts. The whistles 
are chain fused with a brief duration delay element 
between each tube, such that each whistling device 
completes its functioning before the ignition of the 
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next device. Each whistle is fitted with a ground sa- 
lute that hangs down from the bottom of the whistle 
on a short length of quick match. As the devices 
burn, a loud explosion follows the sound of each suc- 
cessive whistle. 


Historical: Whistles may have first been discovered in 
the late-19"™ century; at a time when picric acid (ie., 
trinitro phenol) and ammonium picrate were being 
used in color compositions for stage use (see tableau 
fire). The earliest written account of pyrotechnic 
whistles is that by Denisse (1888). Whistles were 
probably an accidental discovery, which no doubt 
greatly surprised and mystified the discoverers. It can 
be speculated that whistles may have been discovered 
by military users of potassium picrate since it, usually 
mixed with potassium nitrate, was quite commonly 
used as an explosive by the European military in the 
late 19" century. Ignition of such a mixture in a small 
tube, perhaps in an attempt to determine its burn rate, 
might have led to the discovery of the whistle effect. 
Whistle compositions containing gallic acid and po- 
tassium chlorate were introduced in the early 20" 
century in an effort to avoid handling potassium pic- 
rate. While the new composition had the advantage of 
not staining the skin yellow, it was still very sensitive 
to ignition by shock and friction. Compositions based 
on potassium benzoate and potassium perchlorate 
were developed for military purposes during World 
War II and became more widely known from the early 
1950s. From that time, a number of other alkali metal 
salts of aromatic acids have been used as whistle 
fuels. While modern whistle compositions are less 
sensitive to shock and friction than the original com- 
positions, it seems that the capability to burn explo- 
sively under certain circumstances is a necessary 
characteristic of any whistle composition and very 
careful management of these compositions is essential. 
Whistles have been used as military signals. During 
the World War II, the Germans used whistling car- 
tridges (pfeifpatrone) in signal pistols. Whistles have 
also been used as military training devices to simu- 
late the effect of an incoming bomb or artillery shell. 
They were fitted with a loud flash report that explod- 
ed as the whistle completed its burning. During the 
World War II, pyrotechnic whistles capable of burning 
under water were investigated as possible counter- 
measures to acoustic homing torpedoes. Pyrotechnic 
whistles have been proposed for use in law enforce- 
ment applications. Firework catalogues from the late- 
19" and early-20" centuries include the Calliope 
rocket, which was a firework rocket with an attached 
whistle that functioned as the rocket rose into the air. 
Today, because of safety concerns with using rockets 
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in public displays, Calliope rockets are no longer 
available. 


In the more recent past, it was somewhat common for 
pyrotechnic manufacturers to make two and three- 
toned whistles. This was accomplished by loading an 
increment or two of a non-whistling composition 
(usually a Black Powder-type mixture) that would 
burn for a second or two before igniting a second or 
third layer of whistle composition, which was now 
lower in the tube, thus producing a lower pitch sound. 
Three-toned whistles that terminated in a large flash 
report were popular ground devices in professional 
displays in the US in the 1950s. 


WHISTLE BREAK — (Also whistle composition) — Un- 
consolidated (1.e., loose) whistle composition used as 
a break charge for aerial shells. This break charge 
may be interspersed with the stars (or other effects) or 
may be contained in a burst bag. The formulations used 
for whistle break are the same as for making whistles. 


WHISTLE COMPOSITION — See whistle break and 
whistle. 


WHISTLE COMPOSITIONS, SPOT TEST FOR — See 
Spot test. 


WHISTLE MECHANISM, PYROTECHNIC — A whis- 
tling sound is produced by the oscillatory burning of 
the whistle composition, as controlled by pressure 
waves that reflect up and down the length of the tube 
above the burning surface. This is described in more 
detail in the cross-section illustration and text below. 
(See whistle for formulation and construction infor- 
mation.) 


Radiated Positive 

Pressure Wave 

Reflected 
Rarefaction 
Wave 


Whistle 
Tube 


Positive 
Presure 
Wave 


Burning 
Whistle 
Comp. 


(A) (B) (C)  (D) 


In (A) a positive pressure wave rises in the whistle 
tube, having been produced by burning at the surface 
of the whistle composition. This positive pressure 
wave soon reaches the top in of the tube (B). At that 
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time, the positive pressure wave exits the tube as a 
radiated positive pressure sound wave. At the same 
time, because of the large change in acoustic imped- 
ance, part of the pressure wave is reflected back 
down the tube (C). As the change in acoustic imped- 
ance is a large decrease, the reflected wave is out-of- 
phase (i.e., it is not a positive pressure wave, but ra- 
ther a rarefaction wave). When the rarefaction wave 
reaches the burning surface (D), the decrease in pres- 
sure momentarily lowers the pyrotechnic burn rate 
(See Vieille equation.) and cools the surface to the 
point of almost extinguishing the burning. 


Radiated 
Rarefaction Wave 
| Positive 


Presure Wave 


(E) (F) (G) (A) (I) 


At this time, because of the large change in acoustic 
impedance, the pressure wave is reflected back up the 
tube (E). Now, because the change in acoustic im- 
pedance is a large increase, the reflected wave is in- 
phase (i.e., it remains a rarefaction wave). When the 
rarefaction wave reaches the top of the tube (F), it ex- 
its as a negative pressure radiated sound wave. At the 
same time, again because of the large change in 
acoustic impedance, part of the rarefaction wave is 
reflected back down the tube (G), and again because 
the change in acoustic impedance is a large decrease, 
the reflected wave is out-of-phase (i.e., it is not a rar- 
efaction wave, but rather a positive pressure wave). 


When the positive pressure wave reaches the burning 
surface (H), it pressurizes and reheats the surface, 
which stimulates the rapid burning of the whistle 
composition. The combination of the positive pres- 
sure wave reflecting off the burning surface and the 
burst of gas resulting from the stimulated burning 
now sends a strengthened pressure wave back up the 
tube (I). Thus, one cycle of the operation of the whistle 
is complete (in the above, note that drawing | is the 
same as A); the cycle is repeated again and again 
throughout the duration of the whistling. 


As the whistle composition is consumed, the length 
of the tube above the burning surface continually in- 
creases. This increasing length of open tube means 
that more time is required for each round trip of the 
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pressure and rarefaction waves. As a result, the per- 
ceived pitch (i.e., frequency) of the radiated sound 
waves of the whistle decreases. 


WHISTLE MIX — See whistle break and whistle. 
WHISTLING FOUNTAIN — See fountain type. 


WHISTLING TRACER — See aerial shell name and de- 
scription (specific). 


WHITE ARSENIC — See arsenic(III) oxide. 


WHITE FLAME CHEMISTRY — See colored-flame 
chemistry. 


WHITE GLUE — (Also Elmer’s Glue™) — In the past, 
an adhesive derived from casein, a colloidal aggre- 
gate composed of several proteins found in milk. At 
present, many white glues use polyvinyl alcohol for 
adhesive properties. See aliphatic resin adhesive. 


White glue’s principal advantage is that it easily pen- 
etrates porous materials such as paper and wood. Also, 
after curing, it is somewhat water resistant. Its greatest 
disadvantage is that it shrinks upon setting; thus, 
when applied too thickly, shrinkage gaps (which may 
become fire leaks) can be produced. 


A similar adhesive is described as carpenter’s glue. 
WHITE METAL — See Babbitt metal. 
WHITE PHOSPHORUS — See phosphorus. 
WHITE POWDER - See powder type. 
WHITE TAR — See naphthacene. 
WHIZZER — See hummer. 


WIENER POWDER - (Also baked powder or Russian 
powder) — A Black Powder manufacturing process 
introduced in Russia in 1872. The powder was pre- 
pared by the usual compression after milling (see 
Black Powder manufacturing); the ingredients were 
first preheated to 120 °C, supposedly to melt the sul- 
fur and thus achieve better incorporation within the 
powder. Tests conducted in 1878 at the Woolwich 
Arsenal in the UK indicated that the powder was no 
better than conventional Black Powder. 


WIEN’S DISPLACEMENT LAW and WIEN’S LAW — See 
radiation law. 
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WILD MAN — See Green Man. 
WILLOW CHARCOAL - See charcoal type. 


WILLOW SHELL — (Also weeping willow shell) — A 
relatively soft-breaking aerial shell containing trailing 
stars that form a drooping pattern in the sky, which is 
reminiscent of a weeping willow tree. To produce 
this appearance, it is necessary that the shell produces 
a large symmetrical burst of stars generating trails of 
sparks as they burn. Usually, the sparks are orange in 
color and are produced by a Black Powder-based 
composition with added charcoal or lampblack. The 
stars may droop nearly all the way to the ground, or 
only moderately, as shown below. The shell may 
sometimes have an attached comet to produce an ef- 
fect reminiscent of a tree trunk as the shell rises. 


Photo Credit: Eldon Hershberger 


When the shell produces relatively small sprays of 
only a few stars, it is more likely that the shell will be 
described as a palm tree shell or coconut tree shell. 


WIND DEFLECTION (rocketry) — (Also deflection) — 
The amount of horizontal motion that can be attribut- 
ed to the action of the wind. This can be the result of 
two actions, weathercocking and the drift that occurs 
during the recovery phase of a rocket’s flight. To an 
extent, these two effects occur in opposite directions, 
with weathercocking tending to send the rocket into 
the wind (i.e., up-wind) and recovery phase drift is 
with the wind (i.e., down-wind). 


WIND DRIFT — See drift. 


WIND EFFECT ON AERIAL SHELL TRAJECTORY — 


See aerial shell wind drift. 
WINDPROOF MATCH — See match, windproof. 


WIND SPEED MEASUREMENT — See anemometer. 
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WING-TIP FLARE — See flare, wing-tip. 
WIPE (fireworks) — See front. 


WIRE AND FUNNEL METHOD - See funnel and rod 
method. 


WIRE CLOTH — A screen or cloth composed of wire 
that has been crimped or woven into an extended pat- 
tern of square, rectangular or slotted openings; it is 
specified by mesh number. Mesh size ranges from 
approximately 400 mesh (with the smallest openings) 
to at least 1 mesh (with the largest openings). Wire 
cloth is used to make sieves that can be used to grade 
materials by their particle size. Hardware cloth is one 
common example of wire cloth, usually with relatively 
large openings. 


WIRE-CORED SPARKLER — See sparkler. 


WIRE, ELECTRIC — (Also shooting wire, zip wire or 
scab wire) — In an electrically-fired firework display, 
special effects, rocket firing and some blasting opera- 
tions, relatively small-diameter wire (22 to 26 gauge) 
is used to carry the electric current from the firing 
unit to the electric matches or detonators. For a given 
firing voltage, wire resistance limits the total length 
of wire that can be used and the number of devices 
that can be fired simultaneously. 


When calculating the electrical resistance of firing 
lines, it is important to include the total length of 
wire. For a device placed at the end of a 100-foot 
(30-m) length of cable, the total wire length is 200 
feet (60 m) (the total length of wire going out plus the 
length of wire returning). 


WIRE GAUGE -— (Also AWG or American Wire 
Gauge) — A series of standard wire sizes used to 
specify the diameter of the wire. (See wire resistance 
for a table of wire gauge, diameter and resistance.) 
High wire gauge numbers correspond to thin wires 
and vice versa. 


WIRE IGNITER and WIRE LIGHTER -— See fuse igniter 
(hot-wire fuse igniter, blasting safety). 


WIRELESS FIRING UNIT - See firing unit, electrical. 


WIRE RESISTANCE (copper) — The impediment to the 
flow of an electric current arising from the copper 
wire in the circuit. Accounting for this resistance is 
often an important consideration in reliably firing 
remotely located pyrotechnic devices. 
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The size and electrical resistance information for solid 
copper wire of various American wire gauges (AWG) 
is presented below. 


Resistance 
ane — (Ohms per 
100K. 30m) 


The resistance values for stranded copper wire of the 
same gauge will vary somewhat depending on the 
number and gauge of the individual strands in the 
wire. For most purposes, the resistance values for solid 
wire can also be used for stranded wire. 


WIRE SPARKLER -— See sparkler (gold sparkler). 


WIRE SPLICING — When setting up elaborate firework 
displays to be fired electrically, it is often necessary 
to make numerous splices to the type of twin lead 
wire typically used on electric matches. It is im- 
portant that these splices make good electrical con- 
tact, be rugged (so they are not easily pulled apart) 
and be made quickly and at nominal cost. Because 
typically the wiring will be used once and discarded 
within a few days at most, the methods most often 
used are significantly less robust than would other- 
wise be required. 


There are many commonly used methods that provide 
acceptable results. A technique that is minimally ad- 
equate is shown farther below. 


The wires are prepared by stripping the insulation from 
about % inch (13 mm) of the end of each wire; the 
bare wire ends are then twisted together. To provide 
some additional strength, and to keep the bare wire 
ends from contacting each other, the spliced wire ends 
are twisted around the lengths of wire being joined. 
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Finally, the bare wire ends may be covered with tape 
(not shown). 


A significantly more ruggedly secure splice can be 
made by first tying the two wires together in a knot, as 
shown below. To keep the bare wire ends from con- 
tacting each other, the spliced wire ends are then 
twisted around the lengths of wire being joined and the 
bare wire ends may be covered with tape (not shown). 


While ordinary wire nuts can be used to make splices, 
their use in fireworks is not common. As an alterna- 
tive, and to save time by not having to first strip the 
insulation from the wire ends, compression connectors 
are often used (shown below). These connectors have 
an internal series of metal protrusions that, when 
compressed with a pliers, will penetrate the wire in- 
sulation and make electrical contact with the wires 
within. 
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When the wiring will be exposed to the weather for 
more than a day or two, or is likely to become wet, a 
superior type of electrical compression connector 
(ScotchLoc™ connectors, shown below) can be used. 
These are filled with silicone grease and are designed 
to be compressed with special pliers (although simple 
pliers will work). Although convenient and easy to 
use, they are significantly more expensive than the 
units shown above. 


When two wires need to be temporarily or repeatedly 
electrically connected (i.e., spliced), a connector like 
the WAGO™ connector shown below can be used. 
To use the connector, first the wire ends are stripped 
of their insulation. Then one end of the connector is 
squeezed together as suggested by the red arrows. 
This opens a pair of metal jaws on that end of the 
connector, into which a wire end can be inserted, after 
which the connector can expand to grip the wire. This 
is repeated for the second wire on the other end of the 
connector. 


With this type of connector, the electrical splice is 
solidly made, but it can easily be undone and remade 
as often as needed. 
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WITH, WITH REPORT, WITH RISING SMALL FLOW- 
ERS, WITH SMALL FLOWERS, WITH TAIL and WITH 
WHISTLES — See aerial shell name and description 
(specific). 


WITNESS PLATE — In the testing of explosives, a piece 
of material (usually a flat metal plate) placed in a 
known position relative to the sample of explosive or 
device being tested to record (i.e., bear witness to) 
the effects of its functioning. Often the witness plate 
is placed directly beneath the explosive. The witness 
plate material, its strength and thickness, is selected 
to provide definitive results for the type and amount 
of explosive being tested. The criterion for evaluation 
is often the depth of the dent that the explosion pro- 
duces in a witness plate of specified material and di- 
mensions. For an example of the use of witness 
plates, see explosive output test (penetration test). 


WOOD ALCOHOL - See methanol. 

WOOD CHARCOAL - See charcoal, wood. 
WOODEN MORTAR RACK - See mortar rack. 
WOOD FLOCK and WOOD FLOUR — See wood meal. 
WOOD GLUE- See aliphatic resin adhesive. 


WOOD MEAL - [processed biological product, approx- 
imately, C7H1,0s, which is approximately the same 
as cellulose and starch] — {CAS none} — (Also wood 
flour or wood flock). 


Wood meal is a pyrotechnic fuel, used in fusee com- 
positions and occasionally used in lance compositions 
and flare compositions. It is also used as an extender 
and filler in dynamite. Wood meal is a light tan pow- 
der made from pulverized, dry wood (either softwood 
or hardwood waste). 


Health information: TLV-TWA: | mg/m’ for inhalable 
dust except for dusts of western red cedar, which is 
0.5 mg/m*. Wood dust is IARC-1: carcinogen. AC- 
GIH only lists beech and oak as Al and birch, ma- 
hogany, teak and walnut as A2 due of lack of data on 
workers exposed exclusively to the other woods. Fine 
wood dust and flours are a fire hazard when suspended 
in air or deposited on surfaces. OSHA requires regu- 
lar cleanup of flammable dusts such as wood dust. 


WOOD ROSIN -— See rosin. 
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WOOD’S METAL — {CAS 76093-98-6} — (Also Wood’s 
alloy, Wood’s stick, fusible alloy or bismuth-lead-tin- 
cadmium alloy). 


Wood’s metal is a eutectic alloy used in some labora- 


WEELs (air concentrations of chemical agents in a 
healthy worker’s breathing zone) are used to assess 
the potential for adverse health effects on otherwise 
healthy workers exposed to agents that may occur 


tory processes in the form of a heated liquid metal HGR Cay, Pua woveine MICU, 


bath. One such use is in the determination of the igni- 
tion temperature of pyrotechnic compositions. The 
combination of its very low melting point (approxi- ; . 
mately 70 °C) and high thermal conductivity make gas, BRS TEe= Ree wists Snap an pasune aera! 
Wood’s metal especially well-suited for this applica- ; 
tion. It is composed of bismuth (50%), cadmium 
(10%), tin (13.3%) and lead (26.7%). 


Health information: The TLV-TWA of 0.002 mg/cm? 
(as Cd) is the TLV most likely to be exceeded. In 
practice, the TLV-TWA of 0.05 mg/cm? for lead also 
applies. 


WORM BURNER - See /and shark (rocketry). 


WRITING-SAND — See yellow sand. 


UN hazard classification: not regulated. 
WOOD SPIRIT — See methanol. 


WORK — (Symbol: w) — Work (w) is accomplished as 
the result of applying a force (F’) through a distance 
(D), thus: 


w=F-D 


As such, work has the units of force times length 
(e.g., foot-pounds or newton-meters). Note that a 
newton-meter is equal to a joule, which is more 
commonly thought of as a unit of energy. 


The work performed by an expanding gas is equal to 
the change in the product of pressure and volume. 
This often referred to as PV work, which reduces to 
units of force times distance. 


WORKING FLUID — The fluid (gas or liquid) used as 
the medium for the transfer of energy from one part 
of a system to another part. In a rocket, the working 
fluid is the combustion products that leave a rocket 
through its nozzle. 


WORKING STANDARD ~— See calibration standard. 


WORKPLACE ENVIRONMENTAL EXPOSURE LEV- 
EL™ — (Abbreviated WEEL) — Provides guides on 
exposure levels for chemical and physical agents, and 
stresses when no legal or authoritative limits exist. 
These guides are developed by the WEEL Committee 
within the American Industrial Hygiene Association. 
The Committee makes recommendations about expo- 
sure levels to standard-setting bodies and updates ex- 
isting WEELs as new information becomes available. 
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compared with a vast library of known patterns, and 
XANTHORRHOEA - See red gum. the chemical nature of the sample can be established. 


The method works best when the sample is composed 
of only a very few chemical compounds. When this is 
the case, not only can the identities of those com- 
pounds be determined (qualitatively), but it is also of- 
ten possible to gain some information on the relative 
amounts of those compounds (semi-quantitatively). An 


X-RAY — (Also X-radiation) — Electromagnetic radia- example of an X-ray powder diffractometer is shown 
below. 


X-CAKE and X-BOX — See multiple-tube display type. 


XLDB PROPELLANT — Abbreviation for cross-linked, 
double-base propellant. See propellant type (cross- 
linked, double-base propellant). 


tion of very short wavelength that lies in the interval 
from approximate 0.01 to 10 nanometers (between 
gamma rays and ultraviolet radiation). 


Stimulated X-radiation is used as an analytical tool to 
identify the chemical elements present in a sample 
(e.g., X-ray fluorescence spectroscopy). Diffracted 
X-radiation is used as an analytical tool to identify 
crystalline chemical compounds (e.g., X-ray powder 
diffraction spectroscopy). 


X-RAY FLUORESCENCE SPECTROSCOPY -— (Also 
XRF spectroscopy) — A spectroscopic method that 
reveals the elemental composition of a sample by the 
analysis of its secondary or re-emitted (i.e., fluores- XRD — Abbreviation for X-ray powder diffractometry. 
cent) X-rays. An example of an X-ray fluorescence 
spectrometer is shown below. XRF SPECTROSCOPY — Abbreviation for X-ray fluo- 

; rescence spectroscopy. 


Knowing the chemical elements present in a sample 
can be quite useful in identifying the chemical com- 
position of an unknown sample. If nothing else, very 
many possibilities can be eliminated so that further 
testing can be better targeted toward identifying the 
remaining possibilities. 


X-RAY POWDER DIFFRACTOMETRY — (Abbreviated 
XRD) — A highly selective method of identifying 
crystalline chemical compounds. The method works 
because each chemical compound is composed of dif- 
ferent numbers of different-sized atoms. This deter- 
mines the details of their atomic arrangement in their 
crystalline structure. When X-rays are directed at a 
thin sample over a range of angles, a unique pattern 
of scattered X-rays is produced. This is computer- 
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YACCA GUM or YACCA RESIN — See red gum. 


YACCA TREE - See grass tree. 


YARD — (Symbol yd) — An English unit of length, de- 
fined as exactly 0.9144 m. 


t 


a) To convert units in the opposite direction, divide by the 
conversion factor instead of multiplying. 


YAW — The rotational or oscillatory (right and left) 
movement ofa rocket or other device about its vertical- 


transverse axis of rotation. For yaw axis, see axis of 


rotation (rocketry). 
YELLOW AMBER — See amber powder. 


YELLOW FLAME CHEMISTRY — See colored-flame 
chemistry. 


YELLOW-HEAD ALUMINUM — See aluminum, German 
dark. 


YELLOW LEAD OXIDE - See /ead(II) oxide. 


YELLOW PHOSPHORUS — See phosphorus (white 
phosphorus). 


YELLOW POWDER - (Also fulminating powder, Glau- 
ber’s powder, pulvis fulminans or nitrated sulphuret 
of potash) — A composition that has been known for 
centuries and often recommended as an impressive 


piece of ‘chemical magic’. A small portion, heated in 


a metal spoon, first melts and then explodes violently, 
producing a very loud noise. For a while, in the early 
19" century, it was hoped that the mixture might be 
an improvement on Black Powder as a priming powder 
for firearms. Yellow powder was described by Ger- 


man-Dutch alchemist and chemist Johann Rudolph 


Glauber (1604-1670) as long ago as 1648. Two for- 
mulations (Davis, 1943) for yellow powder are pre- 
sented below. 


Formulation —| Parts by Weight 
Ingredient | (2) 
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a) To the nearest percent. 


When well-mixed, formulation 1 was said to burn 
faster than Black Powder. Formulation 2 (Guthrie, 
1832) was prepared in a more complicated way. First, 
the potassium nitrate and potassium carbonate were 
well mixed, and the mixture was then melted. After 
cooling, this material was ground to powder and then 
intimately mixed with sulfur. Finally, the composi- 
tion was carefully melted to a pasty consistency, 
cooled, and granulated while still warm. When pro- 
duced in this fashion, the composition was said to be 
several times faster burning than when the raw ingre- 
dients were simply ground together. It was hoped to 
use the processed powder as a primer for firearms. Its 
commercial production, as carried out by American 
physician, chemist and chemical manufacturer Samuel 
Guthrie (1782-1848) in the mid-1820s, was beset with 
danger. If the mixture is overheated during manufac- 
ture, a violent explosion occurs, even when only a 
small quantity of the material is present. 


Some important observations on the chemistry of yel- 
low powder were made by Italian chemist Angelo 
Angeli (1864-1931) in 1894. He proposed that, dur- 
ing the melting process, potassium carbonate and sul- 
fur react to form potassium sulfides (a reaction that 
had long been known to chemists). Angelo suggested 
that the potassium sulfides then reacted with the po- 
tassium nitrate to form potassium nitrite. In support 
of these suggestions, Angelo noted that a mixture of 
potassium carbonate and sulfur, melted together, 
cooled, and then mixed with potassium nitrate, ex- 
ploded violently on heating. A similar mixture in which 
the potassium nitrate was replaced by potassium ni- 
trite also exploded violently on heating. These obser- 
vations were followed up some 90 years later by 
German chemistry professor Fritz Seel (1915-1987), 
who found that a simple mixture of sulfur and potas- 
sium nitrite exploded violently when heated. Seel 
postulated the formation of explosive potassium thio- 
nitrate [KNSO2]. If this is correct, the chemistry of 
yellow powder can be summarized as discussed below. 


Initially, the reactions are taking place during the 
melting of the ingredients. These reactions are likely 
to be very complicated, because they involve sulfur, 
the molecules of which are 8-membered rings. The 
reactions would involve breaking of these rings and 
subsequent reactions of the resulting chains of sulfur 
atoms. The mechanism would likely involve interme- 
diate polysulfides, which is further complicated by 
the presence of potassium nitrate and its reduction 
product potassium nitrite. It is postulated that one of 
the end products of the reactions is potassium thio- 
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nitrate. The extent to which this is formed would pre- 
sumably depend on several factors, including the 
stoichiometry of the mixture. Another product would 
be carbon dioxide gas. 


Evidence that gas is evolved during the pre-explosion 
stages 1s given by Samuel Guthrie’s description of his 
process for making “pulvis fulminans’. He melted the 
mixed ingredients to ‘a waxy consistency’ on a heated 
iron plate with continuous kneading. The cooled 
mass was ‘as hard and porous as pumice stone’, sug- 
gesting that the semi-molten material had been 
frothed by the evolution of gas. 


Then, the reactions taking place during the explosion 
presumably involve potassium thionitrate. In solution, 
potassium thionitrate decomposes according to the 
equation: 


2 KNSO, > K2S.0;3 + NO. 


Thermodynamic considerations indicate that the ex- 
plosion reaction is more likely to be: 


2 KNSO, > K2»SO4 + S + No 


The sulfur vapor produced would react exothermically 
with potassium nitrite, which is likely to be present in 
the mixture as a product of the reduction of potassium 
nitrate during the melting stage: 


2 KNO, +S > K2SO4+ No 


Any excess potassium nitrite would absorb energy in 
its decomposition, so the most energetic mixture would 
be one containing just enough potassium nitrite to re- 
act with the sulfur released by the decomposition of 
the thionitrate. This would require equimolar amounts 
of potassium thionitrate and potassium nitrite, and the 
explosion reaction would be: 


KNSO2 + KNOz > K2SO4 + No. 


When yellow powder is ignited, rather than being 
slowly heated (i.e., melted), it burns fiercely without 
exploding, presumably because little, if any, explo- 
sive potassium thionitrate accumulates. When the 
mixture is melted, potassium thionitrate presumably 
accumulates, until, at a sufficiently high temperature, 
the whole of it explodes. If the stoichiometry of the 
mixture were chosen to yield equimolar amounts of 
potassium thionitrate and potassium nitrite, the reac- 
tion in the melt would be: 


6 KNO; + 2K,CO; + 5S > 
3 KNSO2 + 3 KNO2 + 2 KoSO4 + 2 COr 


The overall reaction, after the explosion, would be: 
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6 KNO;3 + 2K2CO3; + 58S > 
5 KoSO4 + 2 CO. + 3 No 


The stoichiometry of this reaction corresponds to 58% 
potassium nitrate, 27% potassium carbonate and 15% 
sulfur (to the nearest percent), which is close to the 
proportions of formulation 2 above (i.e., 55, 27 and 
18, respectively). 


YELLOW SAND -— [processed mineral product] — (Also 


gold powder or writing-sand). 


Yellow sand is a naturally occurring, micaceous sand 
derived from decomposed granite. It was once widely 
used to dry the ink on newly-written letters. 


Historical: Yellow sand was used as a_ spark- 
producing agent in pinwheels and turning-cases, where 
it produced what were described as radiating straight 
lines of fire. Two example formulations are presented 
below (Chertier, 1843). Both are ‘for turning-jets of all 
calibers’, where formulation 1 is described as radiating 
fire and formulation 2 is described as radiating and 
brilliant fire. 


Black Powde 


Health information: Significant amounts of free silica 
may be present. The TLV-TWA is 0.025 mg/m’, 
measured as the respirable fraction of the aerosol. It 
may contain a variety of other toxic metals and min- 
erals depending on the geological source. Obtain the 
MSDS or mineral analysis for this product when 
planning handling precautions. 


YIELD POINT — The tensile test stress at which some 


materials continue to elongate for a short period 
without further increase in stress. 


YIELD STRENGTH — The minimum stress in tension at 


which a material exhibits a specified permanent de- 
formation upon removal of the stress. 
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Z — The symbol for atomic number. 
Z-CAKE and Z-BOX — See multiple-tube display type. 


ZENITH — For a firework or amateur rocket, zenith is 
synonymous with apogee. 


ZEOTROPIC MIXTURE — A combination of liquids 
that can be separated by distillation. This is because 
there is a difference between the composition of the 
vapor above a mixture and the composition of the 
liquid mixture itself. Zeotropic mixtures exhibit such 
a difference and thus a separation can be achieved by 
condensing the vapor being produced. 


ZERC or ZERK, ZERC BALL or ZERK BALL, ZERC 
CAPSULE or ZERK CAPSULE, and ZERC HIT or 
ZERK HIT — See zirk hit. 


ZERO ANGLE OF ATTACK TRAJECTORY and ZERO 
LIFT TRAJECTORY — See gravity turn. 


ZERO GRAVITY — See weightlessness. 
ZERO LIFT TRAJECTORY — See gravity turn. 


ZEROTH LAW OF THERMODYNAMICS - See thermo- 
dynamics. 


ZINC — [Zn] — {CAS 7440-66-6}. 


Zinc has a long history of use as a reactive fuel in py- 
rotechnics. It is a metallic chemical element, atomic 
number 30. It is available commercially as zinc dust, 
a very fine powder produced by rapid cooling of the 
vapor. Historically, zinc was reduced to powder by 
heating it to just below its melting point, at which 
point it becomes brittle, and it can be powdered using 
an iron mortar and pestle. Zinc is a shiny metal with a 
bluish-gray luster and grey as a fine powder. 


Characteristic (a) 


a) Code for reference source, see preface. 


Health information: TLV: none established. The 
MAK-TWA of 2 mg/m? for inhalable dust and 0.1 
mg/m? for respirable dust zinc oxide and zinc fume 
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may be applicable because zinc powder always con- 
tains some zinc oxide. 


UN hazard classification: PSN: zinc powder; HC: 4.3 
— dangerous when wet (UN1436). 


In fireworks: Zinc has a long history of use in fire- 
works (see below). Today zinc powder (dust) is occa- 
sionally used to make spreader stars and to produce 
white light with a bluish-green or bluish tint. 


In_military pyrotechnics: The main use for zinc has 
been as a fuel in HC smoke, which is an obscurant 
smoke created by the production of an aerosol of zinc 
chloride particles. Such use can cause problems; zinc 
dust and hexachloro-ethane can react spontaneously in 
the presence of moisture, and that can cause fires when 
HC smoke composition is manufactured or stored. 


In rocketry: Zinc has been combined with sulfur to 
make a low specific impulse and smoky propellant 
(Zn-S). Delay grains and tracking smoke elements 
can be made with mixtures of zinc powder and am- 
monium perchlorate. 


Historical: Zinc seems to have been introduced into 
European pyrotechny by the French chemist Antoine- 
Laurent Lavoisier (1743-1794), who, in 1767, used it 
to make a blue flame composition for the Italian- 
French pyrotechnist Pétroni Ruggieri (17??-1794). 
The formulation was kept secret. Subsequently, zinc 
was used in a range of firework compositions, as pre- 
sented below. Formulation 1 is for green lances and 
stars. Formulation 2 is for blue lances (the color was 
said to be pale and uncertain, almost as much green 
as blue). Formulation 3 is for white stars. Formulation 
4 is for slow-burning white lights for wheels, etc. 
Formulation 5 is for large white signal lights; it was 
to be burned in cases | to 6 inches, 25 to 150 mm, in 
diameter to produce great illumination. 


a) Fine. bb) Filings. c) Extremely fine. 
d) Granulated and sifted to remove all fines. 
1,2 and 6) Chertier, 1843. 3 to 5) MacCulloch, 1830. 


An advertisement (shown below) dating to 1868 
mentions waterproof zinc lights (presumably based 
on a formulation like 5 above). 
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THE TRADE & SHIPPERS SUPPLIED AS USUAL. 
BY SPECIAL APPOINTMENT TO H.R.H. THE PRINCE OF WALES, 


W. BAKER & SONS, 
409 (®ik") CAMBRIDGE ROAD, LONDON, N.E., 


te of 81, Patriot Row, Cambridge Boad. 


FIREWORK ARTISTS 


To the Nobili d Gentry’s Private Fetes, Rejoicings, Private and 
ss ty a2 hie Gen ad tat 


SignaL eaeay. & Wa q i 
Fireworks Packed, Shipped & Dispatched to all hs of the 5 Worl 


Photo credit: Merchant Shippers, 1868 


Formulation 6 was for grains (for fountains) and for 
lances. It was said to produce a rain of bluish pearls, 
having a very pretty effect. When made into grains 
for projection from a fountain, each grain apparently 
produced somewhat of a microstar effect, typically 
exploding into seven or eight parts, an extraordinary 
effect for that time. To achieve the projection of the 
grains to an adequate height, the case was not choked 
in the conventional way but was instead provided 
with a tapering paper cone that restricted the orifice 
while providing a smooth transition from the full di- 
ameter to the orifice, rather than the more abrupt 
transition provided by a conventional choke. 


ZINC DISTEARATE — See Zinc stearate. 


ZINC MONOSULFIDE — [ZnS‘] — A reaction product 
expected to occur as a gaseous free radical in flames 
of compositions containing zinc and high concentra- 
tions of sulfur. Molecular emission bands from zinc 
monosulfide probably contribute to the bluish-green 
color of the flame of produced when mixtures of zinc 
and sulfur are ignited. 


ZINC MONOXIDE — [ZnO] — A reaction product ex- 
pected to occur as a gaseous free radical in flames of 
compositions containing zinc. The zinc monoxide free 
radical is an electronically excited form of zinc oxide 
vapor. Solid zinc oxide sublimes as free atoms of zinc 
and oxygen, but it is probable that ZnO molecules 
form briefly during the condensation of solid zinc ox- 
ide in zinc-containing flames. Molecular emission 
bands from zinc monoxide probably contribute to the 
greenish blue color of the flame of burning zinc and 
from pyrotechnic compositions containing zinc. 


ZINC OXIDE — [ZnO] — {CAS 1314-13-2} — (Also 
Chinese white or zinc white; the mineral zincite). 


Zinc oxide is the product of the burning or oxidation 
of zinc or zinc compounds. It has been used to make 
pyro-adhesive for making fireworks and as a compo- 
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nent in some military screening smokes (see HC 
smoke). Zinc oxide is a white powder. 


Characteristic (a) 


(est) = estimated value. 
a) Code for reference source, see preface. 


Health information: TLV-TWA: 2 mg/m’ for respirable 
dust. The MAK for zinc compounds and zinc fume is 
much more protective (see zinc above). 


UN hazard classification: not regulated. 
ZINC SPREADER STAR — See spreader star. 
ZINC STEARATE — [Zn(CisH3sO2)2] — {CAS 557-05-1} 


— (Also zinc distearate, dibasic zinc stearate, stearic 
acid zinc salt or octadecanoic acid zinc salt). 


Zinc stearate is occasionally used as a burn-rate mod- 
ifier (i.e., retardant), fuel and binder. It is a white- 
hydrophobic powder with a faint odor of a fatty acid. 


Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV-TWA: 10 mg/m’. 
UN hazard classification: not regulated. 
ZINC SULFIDE [ZnS] — {CAS: 1314-98-3} — (Also the 
minerals zinc blende, sphalerite or wurtzite). 


Zinc sulfide is the product of the combustion of zinc 
and sulfur as in an early amateur rocket propellant 
(Zn-S). It is white when pure but can be yellowish- 
white to beige as a powder. 
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Characteristic (a) 


a) Code for reference source, see preface. 


Health Information: TLV: none established. 
ZINC WHITE — See zinc oxide. 


ZIPPER EFFECT — A potentially disastrous conse- 
quence of rigidly mounting the recovery system to an 
amateur rocket’s airframe. If strong, thin cord is used 
(e.g., Kevlar) and the recovery device opens when the 
rocket is traveling at a high speed, the line can zip 
(1.e., shear) open the body tube partially or all the 
way down to the point of attachment. Even a suffi- 
ciently strong, top-mounted shock cord can partially 
zip a body tube if the parachute is opened at a high 
enough speed. 


ZIP TIE — (Also cable tie) — A relatively small plastic 
tie that can be used to easily secure things such as 
bundles of electrical wires. On one end (at the right 
below) is a ratcheting device. This only allows one- 
way movement of the indentations along the length 
of the tie after the other end of the device is inserted 
(as shown in the lower photograph). 
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esestaat of gatsdactaad cat cteatasiasiaaidicsia: 
In fireworks: Zip ties are often used to replace string 
ties in firework devices. Shown below is an example 
of a pair of red zip ties having been used to securely 
attach an electric match to the end of a length of 
quick match. 
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Other examples where zip ties can be easily and ef- 
fectively used are to attach a driver to wheel frame- 
work, to fasten a small fountain to a stake, to secure 
quick match into the nosing of various devices, etc. 


ZIP WIRE — See wire, electric. 


ZIRC, ZIRC BALL, ZIRC CAPSULE, and ZIRC HIT — 
See zirk hit. 


ZIRCONIUM — [Zr] — {CAS 7440-67-7}. 


Zirconium can produce white sparks and is also used 
in some explosive primers, in gasless delay element 
compositions and in photographic flash devices. It is 
a metallic chemical element, atomic number 40. Zir- 
conium is similar in properties to titanium, but it is 
more reactive and more expensive. Zirconium is a 
hard, shiny metal and metallic to gray as a powder, 
depending on its particle size. 


Characteristic (a) 


a) Code for reference source, see preface. 
Health information: TLV-TWA: 5 mg/m’. 


UN_hazard_ classification: PSN: zirconium powder, 
dry; HC: 4.2 — spontaneously combustible (UN2008) 
or PSN: zirconium powder, wetted; HC: 4.1 — flam- 
mable solid (UN1358). 


ZIRCONIUM DIHYDRIDE — See zirconium hydride. 


ZIRCONIUM HYDRIDE — [ZrH2| {CAS 7704-99-6} 
(Also zirconium dihydride or zirconium(II) hydride). 


Zirconium hydride has been recommended for use in 
prime, delay and illuminating compositions. It is an 
energetic pyrotechnic fuel, containing almost 98% 
zirconium by weight. It is said to be much safer to 
handle than zirconium metal of the same particle size, 
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being less susceptible to accidental ignition. Zirconium 
hydride is a grayish-black powder. 


(d) = decomposes. 
a) Code for reference source, see preface. 


Health Information: TLV-TWA: 5 mg/m’ (as Zr). 


UN_ hazard classification: PSN: zirconium hydride; 
HC: 4.1 — flammable solid (UN1437). 


ZIRCONIUM-NICKEL ALLOY — [Z1/Ni] — {CAS none}. 


Alloys of zirconium and nickel have been used as 
fuels for delay compositions. Alloys containing either 
70% zirconium and 30% nickel, or 30% zirconium 
and 70% nickel were standard; other alloys were also 
available. They were all described as fine, grayish- 
black powders. 


ZIRK HIT — (Also zirc hit, zirk ball or zirk capsule) — 
A special effect that may be used to simulate a spark- 
producing projectile impact (most commonly a bul- 
let) in film and television productions. It typically 
consists of a Sweeny ball (see Sweeny gun) or a spe- 
cial effect capsule filled with very coarse sand grains 
and a small amount of fine zirconium powder. 


Zirk balls are typically shot from a Sweeny gun, and 
zirk capsules are shot from a capsule gun. When the 
zirk hit strikes a hard surface, it breaks open to pro- 
duce asmall dust cloud of zirconium metal that is fine 
enough to ignite from the combined impact and fric- 
tion; the particles then burn in air (as a non- 
pyrotechnic effect). The resulting effect is a momen- 
tary splash of bright, white sparks. A video frame 
(1/30 second in dim light) demonstrating the appear- 
ance of a zirk hit (fired from the left at an approxi- 
mately 45° angle) is shown below. 
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Zirk hits that are fired from guns, which can shoot the 
balls in quick succession, are used to simulate a rap- 
id-fire (e.g., machine-gun) effect. 


Zn — Chemical symbol for the element zinc. 


ZN-S — (Also micro-grain or Densite) — Zinc and sul- 


fur mixtures were one of the first solid propellants 
used by amateur rocket enthusiasts. In the burning of 
this propellant, sulfur acts as an oxidizer, rather than 
as a fuel: 


Zn +S > ZnS 


Its efficiency is very low, witha specific impulse some- 
times as low as 20 seconds and typically not much 
greater than 50 seconds. 


Zn-S was first developed as 
an amateur rocket propel- 
lant in the early 1940s by 
members of the Reaction 
Research Society (a group 
that is still active today, but 
with more of an emphasis 
on liquid-propellant rock- 
ets). NERO, a Dutch ama- 
teur rocketry group has 
done much work studying 
and developing Zn-S pro- 
pellants. 


The Zn-S propellant was 
first used as a mixture of 
fine zinc and sulfur pow- 
ders. This powder was de- 
scribed as micro-grain. 
Although often used in a 
65:35 ratio of the powders, 
micro-grain was formulat- 
edin many different ratios, 
and sometimes other met- 
als such as aluminum were 
added. An example of a 


Photo Credit: Tony 
Vyverman, www.vro.be 
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static firing ofa Zn-S motor is shown above at the right, 
with the rocket plume extending to approximately 20 
feet (6 m). 


Because the mixture is easily ignitable by sparks, and 
the mixing process can generate dusts and static 
charges, it is not nearly as safe to produce as the poly- 
mer-bound propellants currently used by amateurs 
(see propellant type (composite propellant)). 


Propellant loading methods included loose powder 
mixtures, with and without vibration or tamping; var- 
ious cartridge loading methods; pressing of the pro- 
pellant in end-burning and core-burning configura- 
tions; and the use of solvents such as alcohol or ace- 
tone to achieve putty-like mixtures which require 
very long periods of time for evaporation of the sol- 
vents prior to use. 


Rocket propellant grains are often cast as a somewhat 
fluid composition that subsequently sets hard. This 
was sometimes done by heating a composition until 
one or more components had melted. Zn-S propellant 
was sometimes processed in this way; the cast mix- 
ture was described as Densite. Its manufacture is haz- 
ardous, even when the heating is carefully controlled 
by using a heated oil bath. 


ZOZOBRA™ (effigy) — See bonfire. 


Zr — Chemical symbol for the element zirconium. 
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